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Abstract
Field studies were conducted in 2020 and 2021 to evaluate benzobicyclon tolerance to 71
weedy rice accessions collected from Louisiana and southern Arkansas. Benzobicyclon was
applied at 373 g ai ha-1 as a postflood application on 3- to 4-leaf rice. At 28 DAT, less than 15%
control was observed on 70% of the accessions and 80% or better control was observed on 3% of
accessions. Inconsistent weedy rice control can be attributed to the presence or absence of a
functional HIS1 allele. The functional HIS1 allele was present in 96% of accessions when treated
with benzobicyclon control was less than 15% and 84% of these accessions possessed the
ALSS653N trait signifying resistance to imidazolinone herbicides. These data indicate that the
functional trait marker discovered in this study is a strong indicator of benzobicyclon weedy rice
sensitivity for weedy rice accessions.
Field studies were conducted in 2020 and 2021 to evaluate the activity of florpyrauxifenbenzyl and halosulfuron plus prosulfuron on aquatic weeds. Florpyrauxifen-benzyl was applied
at 0, 7.3, 14.6, and 29.2 g ai ha-1 alone and in combination with halosulfuron plus prosulfuron at
55 and 83 g ai ha-1 as a surface-coated urea or foliar liquid spray application. Applications were
made across four, 30 by 30-cm plastic rings, each ring contained either ducksalad, floating
primrose-willow, grassy arrowhead, or pickerelweed. Ducksalad treated with florpyrauxifenbenzyl, regardless of rate or application method, was controlled 98 to 99%. Floating primrosewillow treated with florpyrauxifen-benzyl was controlled less than 50% regardless of rate or
application method. Grassy arrowhead and pickerelweed treated as a foliar liquid spray
application, regardless of herbicide evaluated, were controlled 94 to 99% at 42 DAT.
Field studies were conducted in 2020 and 2021 to evaluate the residual activity of
florpyrauxifen-benzyl applied postflood into a weed-free environment as a surface-coated urea or
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postflood liquid spray application. Florpyrauxifen-benzyl was applied at 0, 7.3, 14.6, 21.9, and
29.2 g ai ha-1 as a surface-coated urea or postflood liquid spray application into 53-cm diameter
plastic rings. Herbicide surface-coated urea applications reduced emergence, petiolate leaf
development, and flowering of ducksalad compared with postflood liquid spray applications of
florpyrauxifen-benzyl.
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Chapter 1. Introduction
Rice (Oryza sativa L.) is essential in the diet of more than half of the world’s population,
with a majority of that dietary reliance coming from developing countries (Muthayya et al.
2014). Rice was planted on more than 1.17 million hectares in the United States in 2020 (USDA
2020). Over 80% of this production comes from the Southern states of Arkansas, Louisiana,
Missouri, Texas, and Mississippi. Louisiana ranked third behind Arkansas, and California with
over 174,000 hectares planted in 2020. The major production costs for Louisiana rice growers
include irrigation pumping, fertilizer, equipment, and pesticide application which account for 24,
17, 12, and 9% of total costs, respectively (Salassi 2014).
Chemical weed control, which is included in pesticide application costs, is an essential
management practice for improved rice production. An estimated 80 species from 40 genera can
reduce yields in U.S. rice production systems. Grasses, broadleaf weeds, and sedges can compete
with rice for air, space, nutrients, light, and water (Smith 1968; Smith 1988; Webster 2014).
Weeds can interfere with rice production by reducing rice yields and quality, serving as hosts for
other pests, reducing harvest efficiency, reducing water flow, and lowering land value (Smith
1988). Developing an integrated weed management program which includes a combination of
cultural, mechanical, and chemical management is vital to increasing yields for rice growers
(Webster 2014).
Common grass species that infest rice fields and can cause major economic damage
include: Amazon sprangletop [Leptochloa panicoides (J Presl) Hitchc.], barnyardgrass
[Echinochloa crus-galli (L) Beauv.], broadleaf signalgrass [Urochloa platyphylla (Munro ex C.
Wright) R.D. Webster], junglerice [Echinochloa colona (L.) Link], Nealley’s sprangletop
(Leptochloa nealleyi Vasey), and red/weedy rice (Oryza sativa L.) Common broadleaf weed
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species include alligatorweed [Alterenanthera philoxeroides (Mart.) Griseb.], hemp sesbania
[Sesbania herbacea (Mill.) McVaugh], Indian jointvetch (Aeschynomene indica L.), and
Texasweed [Caperonia palustris (L.) St. Hil.] Common sedge species include yellow nutsedge
(Cyperus esculentus L.), and rice flatsedge (Cyperus iria L.) (Bergeron 2017; Smith 1968; Smith
1988).
Weedy rice (O. sativa), also known as red rice, is a threat to global drill-seeded rice
production. Weedy rice refers to wild-type red rice, F2 generations of cultivated hybrid rice, and
outcrosses between the two (Rustom et al. 2018). Due to the classification of cultivated and
weedy rice as the same species, control without crop injury is extremely difficult. Weedy rice has
developed traits such as variable emergence timings, increased seed shattering, high diversity in
seed dormancy, and increased seed longevity in soil which allow this weed to persist annually
(Burgos et al. 2014). Weedy rice has been a problem in U.S. rice production since 1846 in North
and South Carolina. It was also the most difficult weed to control in Louisiana rice fields in
1900, and that problem persists today (Constantin 1960; Craigmiles 1978; Diarra et al. 1985;
Dodson 1900; Stubbs et al. 1904; Webster 2014). Weedy rice plants are generally taller and
produces more tillers which allows the plant to outcompete cultivated rice. Weedy rice densities
of 5, 108, and 215 plants m-2 reduced commercial grain yields 22, 77, and 82% respectively
(Diarra et al. 1985). These densities also decreased grains per panicle from 8 to 70%.
In Louisiana, the two major planting practices utilized are dry-seeded and water-seeded
production systems. In a dry seeded system, a weed-free seed bed is cultivated prior to planting
with a drill. This cultivated seedbed facilitates uniform depth, which in turn establishes a more
uniform rice stand. Adequate soil moisture, through rainfall or surface irrigation, is needed for
uniform seedling emergence. In this system, establishing a permanent flood as soon as possible

2

without submerging rice plants is recommended in order to future production costs, reduce
yields, and decrease profits. Permanent floods are usually established from 3- to 5-leaf growth
stage (Harrell and Saichuk 2014). The major limiting factor for this production system prior to
the release of imidazolinone-tolerant rice was inadequate weedy rice control options.
The water-seeded production system utilizes a flooded environment as a cultural control
method for problematic weeds such as weedy rice. In this system, the field is roughly cultivated,
and pre-germinated rice is dropped into an established flood (Harrell and Saichuk 2014). This
pre-germinated seed is imbibed with water and sinks to the soil surface. The three major flooding
techniques utilized in this system are the delayed flood, the pinpoint flood, and the continuous
flood systems. In the delayed-flood system, fields are drained for 3- to 4-weeks after planting
before a permanent flood is established. This system provides little to no control of weedy rice
and is very similar to a dry-seeded production system. In the pinpoint flood system, which is the
most common in Louisiana, the flood is dropped after planting long enough for the radicle to
penetrate the soil and anchor the seedling. This drainage period is usually 3- to 5-days under
normal conditions. A permanent flood is then established and maintained throughout the growing
season. Weedy rice is suppressed in this system because the oxygen necessary for germination is
not available under flooded or saturated conditions. In the continuous flood system, the flood is
maintained from planting until harvest with no drainage periods. This system is excellent for
weedy rice control but establishing a healthy rice stand can be difficult.
In 1993, an imidazolinone-resistant (IR) rice was developed by using a chemically
induced mutation (Croughan 1994; Webster and Masson 2001). This mutation provided
tolerance to the acetolactate synthase (ALS) inhibiting herbicides. Imazethapyr is an ALS
herbicide that controls a broad spectrum of grass and broadleaf weeds including weedy rice, and
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was the herbicide targeted for use with IR rice. This technology allowed rice producers in the
mid-south the flexibility of moving from the traditional water-seeded system into a drill-seeded
production. Imidazolinone-resistant rice also provided producers with residual and
postemergence control programs on problematic early and late season weeds (Webster 2014).
United States weedy rice biotypes can be primarily classified into two phenotypes,
strawhull-awnless and blackhull-awned (Burgos et al. 2014; Reagon et al. 2010). These
phenotypically and genotypically distinct populations have separate evolutionary origins. The
majority of varieties commercially grown in the U.S. are descended from the tropical japonica
subgroup. Strawhull populations are descended from cultivated ancestors of the indica subgroup,
whereas black hulled-awned populations are descended from cultivated ancestors of the aus
subgroup. Strawhull plants tend to be shorter, have fewer tillers, flower earlier, and have earlier
heading dates compared with blackhull-awned plants (Islam et al. 2020; Shivrain et al. 2010).
Although, there can be a wide range of morphological variation observed within each group. As
mentioned earlier, the two main morphological groups include awnless strawhull and awned
blackhull weedy rice; however, awned strawhull and awnless brownhull are also found in U.S.
rice production fields (Reagon et al. 2010).
When IR rice, sold under the tradename Clearfield™ (BASF Corporation, Research
Triangle Park, NC), was released in 2002, it was known that low levels of natural hybridization
could occur between cultivated and weedy rice populations. Gene flow was observed in
commercial fields after just two cropping seasons, from weedy rice escapes that were allowed to
produce seed (Burgos et al. 2014). Zhang et al. (2006) reported that rapid outcrossing could
occur between weedy rice populations and all IR rice cultivars, ‘CL121’, ‘CL141’, ‘CL161’ and
hybrid ‘CLXL8’. In general, blackhull weedy rice populations are more likely to outcross than
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strawhull populations, and tropical japonica cultivars are more likely to outcross as compared
with indica cultivars (Gealy et al. 2015). This increase in potential outcrossing is due to the
synchronization of flowering between blackhull weedy rice populations and tropical japonica
cultivars as compared with the earlier flower timing in strawhull populations (Shivrain et al.
2010).
Despite these potential gene flow problems, Clearfield™ rice technology was widely
adopted by mid-south rice growers. In Arkansas and Mississippi in 2011, at its peak usage, 64%
of rice planted utilized IR technology. Whereas peak usage of IR technology in Louisiana was
reached in 2012 at 71%. However, this technology has seen a decrease in usage due to several
mitigating factors. These factors include: the widespread adoption of the technology, potential
for gene flow into weedy rice populations, and dormancy characteristics of volunteer IR hybrid
rice seed for future growing seasons. These factors lead to an increase of IR weedy rice and
barnyardgrass populations in southern rice production (Lancaster et al. 2018; Rustom et al.
2018). In 2020, IR technology in Louisiana and Arkansas reported usage was 54 and 36%,
respectively.
An Acetyl-Coenzyme A carboxylase (ACCase)-resistant (ACCase-R) rice technology
was released in 2018 under the tradename Provisia® (BASF Corporation, Research Triangle
Park, NC). The herbicide targeted for use is quizalofop, also sold under the tradename Provisia®,
which is in the arloxyphenoxypropionate family. ACCase herbicides control annual and
perennial grasses with little to no activity on broadleaf weeds and sedges (Lancaster et al. 2018;
Rustom et al. 2018). Provisia was developed using traditional plant breeding techniques and is a
non-genetically modified crop. Breeders induced a mutation in nucleic acid encoding ACCase,
from Glycine to Serine at position 2096. This mutant ACCase enzyme was resistant to ACCase-

5

inhibiting herbicides (Hinga et al. 2013). This technology provides producers with a
postemergence option for controlling problematic grass weeds such as weedy rice,
barnyardgrass, and broadleaf signalgrass. Proper stewardship practices must be utilized in order
to protect this technology. Yearly crop rotation, rotating herbicide-resistant rice technologies,
using herbicides with multiple sites of action, and using herbicide mixtures to increase weed
control spectrum are essential for sustainable rice production (Horizon Ag 2021; Webster et al.
2019).
Discovering new modes of action to combat weedy rice and rotating new and existing
modes of action for weedy rice management can reduce the risk of selecting for herbicideresistant weed populations (Norsworthy et al. 2012). Benzobicyclon (Rogue SC®, Gowan
Company, Yuma, AZ) was released for commercial use in 2022. A novel paddy rice herbicide,
benzobicyclon, has been registered for use in Japan since 2001 (Komatsubara et al. 2009). This
herbicide provides broad-spectrum activity on annual grasses, sedges, and broadleaf weeds in
rice at 200 to 300 g ai ha-1.
Benzobicyclon is a β-triketone herbicide that inhibits p-hydroxyphenylpyruvate
dioxygenase (HPPD) enzyme (Maeda et al. 2019). Benzobicyclon is characterized by a unique
bicyclooctane skeleton with a phenylthiol-enol structure acting as slow release of triketone
system during HPPD inhibition (Komatsubara et al. 2009). In studies conducted in Japan,
benzobicyclon provided an additional mode of action for controlling sulfonylurea-resistant, as
well as wild-type biotypes of bulrush (Scirpus juncoides Roxb.). (Komatsubara et al. 2009;
Sekino et al. 2008).
While evaluating in vitro HPPD inhibition using the active HPPD produced by an
Escherichia coli transformant, Komatsubara et al. (2009) reported benzobicyclon needed to
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hydrolyze in order to become active. Benzobicyclon is a pro-herbicide that reacts with water to
form benzobicyclon hydrolysate, the active form of the herbicide (Williams and Tjeerdema
2016). Benzobicyclon transformation into benzobicyclon hydrolysate can be enhanced in basic
water pH of 7 to 9 and at temperatures of 25 to 35 C. While transformation can be hindered by
dissolved organic carbon binding with benzobicyclon in aqueous solutions such as flood water.
In a 2018 study, problematic weeds for Louisiana rice producers were evaluated for
control using benzobicyclon at rates from 0 to 1,232 g ha-1 (McKnight et al. 2018).
Barnyardgrass, yellow nutsedge, and false pimpernel [Lindernia dubia (L.) Pennell] control was
evaluated at less than 50% when benzobicyclon was applied at any rate. Ducksalad
[Heteranthera limosa (Sw.) Willd.] treated with 493 g ha-1 of benzobicyclon was controlled at
83%. Purple ammania (Ammannia coccinea Rottb.) and Indian toothcup [Rotala indica (Wiild.)
Koehne] treated with benzobicyclon at 246 g ha-1 were controlled at 81%. Improved control was
not observed at higher rates. Benzobicyclon could be an option for early season ducksalad
control in Louisiana water-seeded rice production.
Observations in 2015, at two locations in Arkansas prompted researchers to evaluate
benzobicyclon for weedy rice control (Young et al. 2017). In these studies, a total of 100
accessions of weedy rice were collected from Arkansas, Mississippi, and Missouri. These
accessions were then evaluated in greenhouse and field studies for susceptibility to
benzobicyclon. The researchers found that 80% mortality was observed on 22 accessions in the
greenhouse and 30 accessions in the field. Based on these results; sensitivity to benzobicyclon
varied across populations, but benzobicyclon could provide an additional mode of action for
controlling weedy rice in some production fields.
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This inconsistent control can be attributed to the presence or absence of a functional HIS1
which is the HPPD Inhibitor Sensitive 1 gene. HIS1 encodes an Fe(II)/2-oxyglutarate-dependent
oxygenase that detoxifies β-triketone herbicides by catalyzing their hydroxylation.
Benzobicyclon sensitive rice cultivars inherited a dysfunctional his1 allele from an indica rice
cultivar from Indonesia known as ‘Peta’ (Maeda et al. 2020). Weedy rice populations in the
United States, including IR-rice, were evaluated for HIS1 gene functionality due to inconsistency
in control. Researchers developed a diagnostic Kompetitive Allele Specific PCR (KASP) assay
to evaluate phenotypic data observed in the field with genotypic data collected in the laboratory
(Brabham 2020). KASP is a common quantitative PCR genotyping technique used to identify
allele specific single nucleotide polymorphisms (SNPs). Evaluating SNPs at the 607 and 612
nucleotides, researchers found that only 52% of the dysfunctional his1 plants were sensitive to
benzobicyclon. Developing a KASP assay with different SNPs are needed for a viable rapid
diagnostic tool for benzobicyclon sensitive weedy and cultivated rice populations.
The HIS1 gene is found on chromosome two and behaves as a single recessive trait that
encodes a 351-amino acid protein (Maeda et al. 2019). A nonsense mutation caused by a 28-base
pair deletion in exon IV of the HIS1 gene was found in benzobicyclon-sensitive cultivars using
nucleotide sequencing analysis. The ALS gene that confers resistance to IR-rice is also found on
chromosome two (Burgos et al. 2014; Sales et al. 2008). Two novel mutations were found in
weedy rice populations at Gly654 and Val669, which conferred resistance to imazethapyr on
chromosome two.
In the major rice growing region of Louisiana, found in the southern portion of the state,
rice is commonly rotated with crawfish [Procambarus clarkii (Girard)]; [Procambarus
zonangulus (Hobbs & Hobbs)] production systems. This production system involves maintaining
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a year-round flood which provides a conducive environment for several aquatic weed species
that can cause major problems in rice production (McKnight 2017; Rustom 2020). Waterseeding production systems are easily adapted to rice-crawfish rotations, and many producers
who use this rotation utilize water-seeded planting practices (Harrell and Saichuk 2014). These
troublesome aquatic weeds include creeping burhead [Echinodorus cordifolius (L.) Griseb.],
ducksalad, floating primrose-willow [Ludwigia peploides (Kunth) P.H. Raven], grassy
arrowhead (Sagittaria graminea Michx. var. graminea), and pickerelweed (Pontederia cordata
L.) (McKnight 2017; Webster 2014).
Synthetic auxin herbicides induce physiological and phenotypic effects that mimic the
natural plant hormone indole-3-acetic acid (Epp et al. 2016; Jeschke 2015). These herbicides
were first discovered in the 1940s, and numerous classes of herbicides have been developed over
the years. Some successful auxin herbicide classes include arloxyacetates (2,4-D, MCPA, and
triclopyr), benzoates (dicamba), quinoline-2-carboxylates (quinclorac), and pyridine-2carboxylates (picloram, and clopyralid). The 6-aryl-picolinate synthetic auxin class was
discovered using a structure activity relationship (SAR) study of the herbicidal activity of the
picolinic acid core-structure. Two novel herbicides in this class, halauxifen-methyl, sold under
the tradename Elevore®, and florpyrauxifen-benzyl, sold under the tradename Loyant®, were
discovered to have activity on many broadleaf, grass, and cyperus weeds along with selectivity in
crops. Florpyrauxifen-benzyl is a 5-fluoro analog of halauxifen-methyl that has selectivity in rice
instead of wheat, and barley.
In 2018, florpyrauxifen-benzyl was released by Corteva Agriscience™ for commercial
use in U.S. rice production as a postemergence option (Anonymous 2017b). With labeled uses in
crawfish and rice production, this new herbicide provided an additional mode of action for
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controlling problematic weeds in mid-south rice production (Rustom 2020). Halauxifen-methyl
and florpyrauxifen-benzyl need to be metabolically converted into florpyrauxifen-acid, the active
form of herbicide, by enzymatic hydrolysis in plants (Epp et al. 2016; Jeschke 2015; Miller and
Norsworthy 2018c). Preflood applications following an established permanent flood within 48 to
72 hours is recommended to increase herbicide uptake, translocation, and metabolism of
florpyrauxifen-benzyl.
In a greenhouse study, troublesome rice weeds including barnyardgrass, broadleaf
signalgrass, Amazon sprangletop, hemp sesbania, yellow nutsedge, rice flatsedge, and others
were controlled at or above 75% by foliar applications of florpyrauxifen-benzyl at 30 g ai ha-1
(Miller and Norsworthy 2018b). A field study was also conducted by Miller and Norsworthy to
evaluate florpyrauxifen-benzyl mixed with common contact, or systemic rice herbicides. No
antagonism was observed with the herbicides evaluated. This co-application flexibility, and
broad-spectrum control provide rice producers with another mode of action for combatting
troublesome weeds and could help reduce the risk of potential herbicide resistance in the future.
Research conducted by Rustom (2020) evaluated aquatic weed control of florpyrauxifenbenzyl at rates of 0 to 29.5 g ha-1. Alligatorweed, ducksalad, grassy arrowhead, and pickerelweed
were controlled 84% or better when treated with florpyrauxifen-benzyl at rates of 14.3 g ha-1 or
higher. Floating primrose-willow treated with florpyrauxifen-benzyl at all rates was controlled
50% or less. Reduced rates from the maximum labeled rate can be used for control in
alligatorweed, ducksalad, grassy arrowhead, and pickerelweed. Co-applications of herbicides
will be needed for control of floating primrose-willow. Florpyrauxifen-benzyl herbicide is a
useful tool for aquatic weed management in a crawfish-rice rotations, or other aquatic weed
infestations.
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In 2018, Gowan Company™ also released a new prepackaged mixture of halosulfuron
plus prosulfuron sold under the tradename Gambit® (Anonymous 2017a). This prepackaged
mixture contains two ALS-inhibiting herbicides that provide broadleaf, and sedge management
in field corn, grain sorghum, proso millet, and rice production. Rustom (2020) evaluated
florpyrauxifen-benzyl and the prepackaged mixture of halosulfuron plus prosulfuron for weed
control in a salvage situation on common problematic weeds for Louisiana rice production. The
researchers found that yellow nutsedge, alligatorweed, hemp sesbania, and Indian jointvetch
treated with florpyrauxifen or the prepackaged mixture controlled these weeds 84% or better at
42 days after treatment. However, Texasweed treated with the prepackaged mixture was
controlled 21 to 32%, and Texasweed treated with florpyrauxifen-benzyl was controlled 4 to
12%. While there are some weeds that are not controlled with these herbicides, they can control
most problematic broadleaf and sedge weeds in mid-south rice production.
In mid-southern U.S. rice production, almost all post-flood herbicide applications are
applied by aerial applicators. These aerial applications are costly and have the potential for offtarget movement to sensitive crops. Off-target movement of auxin herbicides has been
researched heavily in the last few years due to the extreme sensitivity of susceptible plants.
Surface-coated, or impregnated herbicide, applications are less likely to drift, and can eliminate
an additional application by the producer due to established aerial fertilizer application practices.
Granular herbicide applications have been used to effectively control problematic weeds
in corn, soybeans, rice, wheat, and others (Koscelny and Peeper 1995). In water-seeded
production systems in south Louisiana, it is common for producers to impregnate basic fertilizer
with herbicide and apply it directly into the flood for preemergence activity (Mudge 2005). Coapplying bensulfuron or halosulfuron with clomazone on fertilizer reduced foliar bleaching as
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compared with foliar applications of the same mixture. Reduced grass control was not observed
using the co-applied fertilizer applications, and the herbicide mixture provided rice flatsedge
control without reducing yields. Preemergence herbicides with high water solubility are used to
ensure good soil contact, and preemergence activity (Webster 2014). Bensulfuron applied as a
surface-coated fertilizer application can provide adequate control of ducksalad, while also
avoiding an additional aerial application by producers (Braverman 1995). Limited research has
been conducted on other problematic aquatic weeds in crawfish/rice production.
Previous research has confirmed broad-spectrum activity on problematic weeds,
including emerged aquatics, in rice production when treated with florpyrauxifen-benzyl as a
foliar liquid spray (Miller and Norsworthy 2018b; Rustom 2020). However, the risk of off-target
movement from aerial applications of florpyrauxifen-benzyl are a major concern. Applying
herbicide surface-coated urea fertilizers could mitigate off-target movement, but little research
has been conducted on the aquatic weed management with these applications.
The objectives of this research will be focused on determining the sensitivity of weedy
rice accessions to postflood applications of benzobicyclon and discovering a SNP assay for
functional or dysfunctional alleles which confer sensitivity to benzobicylon. As well as evaluate
aquatic weed management with florpyrauxifen-benzyl and halosulfuron plus prosulfuron applied
as a surface-coated granular urea application.
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Chapter 2. Tolerance of Louisiana and Arkansas Weedy Rice Accessions to
Benzobicyclon
Introduction
Weedy rice (Oryza sativa L.) refers to the F2 generation of cultivated hybrid rice,
outcrosses, and wild-type red rice (O. sativa L.). Weedy rice is a threat to drill-seeded rice (O.
sativa L.) production worldwide (Rustom et al. 2018). This problematic weed can persist
annually due to traits such as variable emergence timings, increased seed shattering, high
diversity in seed dormancy, and increased seed longevity in soil (Burgos et al. 2014; Estorninos
et al. 2005). Weedy rice has been a problem in U.S. rice production since 1846 and that problem
persists today (Constantin 1960; Craigmiles 1978; Diarra et al. 1985; Dodson 1900; Stubbs et al.
1904; Webster 2014). Weedy rice plants can outcompete cultivated rice plants for vital nutrients
and sunlight by producing more tillers and growing to greater heights. Weedy rice infestations
can reduce grain yields and grains per panicle up to 82% and 70%, respectively (Diarra et al.
1985).
Weedy rice management involves integrating cultural, chemical, and mechanical control
practices (Flint 1993; Leon et al. 2008). Prior to the introduction of herbicide-resistant rice in
2002, the most effective management strategy for controlling weedy rice was no-till or reduced
tillage followed by an application of molinate and water-seeded planting methods in a delayedflood water management system. Another cultural management strategy for reducing weedy rice
infestations involved a 2-yr rotation with soybeans to take advantage of available herbicides
labelled for use in soybean with grass activity (Griffin et al. 1986; Webster and Masson 2001).
In the United States, straw hulled-awnless or black hulled-awned are the most common
biotypes of weedy rice (Burgos et al. 2014; Reagon et al. 2010). Straw hull populations are
descended from cultivated ancestors of the indica subgroup, whereas black hull populations are
13

descended from cultivated ancestors of the aus subgroup. Black hulled rice plants tend to be
taller with more tillers and are later maturing, compared with straw hulled weedy rice plants
(Islam et al. 2020; Shivrain et al. 2010). While these two weedy rice biotypes make up a majority
of the weedy rice in the United States, straw hulled-awned and brown hull populations do occur
(Reagon et al. 2010).
An imidazolinone-resistant (IR) rice, sold under the tradename Clearfield™ (BASF
Corporation, Research Triangle Park, NC), was developed using a chemically induced mutation
that provided tolerance to the acetolactate synthase (ALS) inhibiting herbicides (Croughan 1994;
Webster and Masson 2001). Imazethapyr is in the imidazolinone family and has activity on a
broad spectrum of grass and broadleaf weeds including weedy rice. This technology provided
residual and postemergence options for control of problematic weeds that were not available
prior to its release (Webster 2014).
Prior to the release of IR rice, in 2002, low levels of natural hybridization were observed
between cultivated and weedy rice populations. Zhang et al. (2006) reported rapid outcrossing
could occur between IR rice cultivars and weedy rice populations. IR gene flow into weedy rice
escapes was observed in commercial fields after just two cropping seasons (Burgos et al. 2014).
A majority of the commercially grown rice in the U.S. are descended from the tropical japonica
subgroup. In general, tropical japonica cultivars and black hull weedy rice populations are more
likely to outcross compared with indica cultivars and straw hull weedy rice populations (Gealy et
al. 2015). Due to flower synchronization between blackhull weedy rice populations and tropical
japonica cultivars, outcrossing is more prevalent compared with the earlier flower timing
observed in straw hull populations (Shivrain et al. 2010).
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IR technology was widely adopted by U.S. rice growers despite the potential for gene
flow into wild type red rice. In Arkansas and Mississippi, peak usage was obtained in 2011 with
64% of rice planted in these states utilizing the IR technology (Lancaster et al. 2018; Norsworthy
et al. 2013). In 2011 and 2012, 65 and 71% of rice grown in Louisiana, respectively, utilized the
IR technology (Harrell 2011, 2012). Numerous mitigating factors have led to a decrease in the
usage of this technology including its widespread adoption for weedy rice suppression, potential
for gene flow into weedy rice populations, and dormancy characteristics of volunteer IR hybrid
rice seed for future growing seasons (Lancaster et al. 2018; Rustom et al. 2018). These factors
led to an increase of IR weedy rice populations in southern U.S. rice production. In 2020, 54 and
37% of rice grown in Louisiana and Arkansas, respectively, utilized IR technology (Hardke et al.
2021; Harrell 2020).
Breeders induced a mutation at position 2096 which changed the amino acid from glycine
to serine (Hinga et al. 2013; Lancaster et al. 2018). This mutation resulted in an acetyl coenzyme
A carboxylase (ACCase) enzyme with resistance to ACCase-inhibiting herbicides. In 2018, an
ACCase-resistant (ACCase-R) rice technology was released under the tradename Provisia®
(BASF Corporation, Research Triangle Park, NC). Quizalofop, also sold under the tradename of
Provisia® (BASF Corporation, Research Triangle Park, NC), is in the arloxyphenoxy propionate
family and is the herbicide labelled for use in ACCase-R rice (Lancaster et al. 2018, Rustom et
al. 2018). This technology provides postemergence activity on problematic grasses in rice
production such as barnyardgrass [Echinochloa crus-galli (L) Beauv.], broadleaf signalgrass
signalgrass [Urochloa platyphylla (Munro ex C. Wright) R.D. Webster], and weedy rice with
little to no injury to rice (Lancaster et al. 2018; Rustom et al. 2018).
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Proper stewardship practices must be utilized to protect this technology, including crop
rotation, herbicide-resistant rice technology rotation, utilizing herbicides with multiple sites of
action, and/or using herbicide mixtures to increase weed control spectrum are essential for
protecting herbicide-resistant rice production from weed resistance (Horizon Ag 2021; Webster
et al. 2019). Discovering new modes of action to control weed infestations, as well as rotating
new and existing modes of action for weed management can reduce the risk of selecting for
herbicide-resistant weed populations (Norsworthy et al. 2012). Benzobicyclon (Rogue SC®,
Gowan Company, Yuma, AZ) recently received a label for use in southern U.S. rice production
with preemergence and postemergence activity on susceptible grasses, broadleaf, and sedge
weeds (Anonymous 2021). This paddy rice herbicide has been registered for use in Japan since
2001 at rates of 200 to 300 g ai ha-1 (Komatsubara et al. 2009).
Benzobicyclon is a β-triketone herbicide that inhibits p-hydroxyphenylpyruvate
dioxygenase (HPPD) enzyme and is characterized by a unique bicyclooctane skeleton with a
phenylthiol-enol structure (Komatsubara et al. 2009; Maeda et al. 2019). This unique structure
works chemically to slowly release the triketone system during HPPD inhibition. In studies
conducted in Japan, benzobicyclon provided an additional mode of action for controlling wildtype and sulfonylurea-resistant bulrush (Scirpus juncoides Roxb.). (Komatsubara et al. 2009;
Sekino et al. 2008).
Benzobicyclon is considered a pro-herbicide because the inactive formulated herbicide
must be hydrolyzed in an aqueous solution to form benzobicyclon hydrolysate (Komatsubara et
al 2019; Williams and Tjeerdema 2016). Transformation into benzobicyclon hydrolysate can be
enhanced in water with a pH of 7 to 9 and at temperatures of 25 to 35°C. Likewise,
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transformation into benzobicyclon hydrolysate can be hindered in the presence of dissolved
organic carbon in aqueous solutions such as flood water.
McKnight et al. (2018) evaluated benzobicyclon at rates from 0 to 1,232 g ha-1 for control
of common rice weeds in Louisiana. Control of barnyardgrass [Echinochloa crus-galli (L.)
Beauv.], yellow nutsedge (Cyperus esculentus L.), and false pimpernel [Lindernia dubia (L.)
Pennell] treated with benzobicyclon regardless of rate evaluated was less than 50%. Ducksalad
[Heteranthera limosa (Sw.) Willd.] treated with 493 g ha-1 of benzobicyclon was controlled 83%
which was similar to control observed for the highest rate of 1232 g ha-1. Over 80% control of
purple ammania (Ammannia coccinea Rottb.) and Indian toothcup [Rotala indica (Wiild.)
Koehne] was achieved when treated with benzobicyclon at 246 g ha-1. These data suggest that
benzobicyclon could be an option for control of some susceptible problematic weeds in
Louisiana rice production.
In 2015, field observations at two locations in Arkansas prompted researchers to evaluate
benzobicyclon for weedy rice control (Young et al. 2017). A total of 100 accessions of weedy
rice were collected from Arkansas, Mississippi, and Missouri. These accessions were evaluated
benzobicyclon tolerance in the greenhouse and field. The researchers found that 80% mortality
was observed on 22 and 30% of accessions in the greenhouse and field, respectively. These
results indicate that sensitivity to benzobicyclon is highly variable across populations, but
benzobicyclon could provide an additional mode of action for controlling weedy rice in some
production fields.
Inconsistent control can be attributed to the presence of a functional HPPD Inhibitor
Sensitive 1 HIS1 or a dysfunctional HPPD Inhibitor Sensitive 1 his1 gene (Lv et al. 2020; Maeda
et al. 2019). HIS1 encodes an Fe(II)/2-oxyglutarate-dependent oxygenase that detoxifies β-
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triketone herbicides by catalyzing their hydroxylation. Through polymerase chain reaction (PCR)
genotyping, a 28-base pair (bp) deletion that resulted in the his1 allele was found which inherited
from an indica rice cultivar from Indonesia known as ‘Peta’ (Maeda et al. 2020). This allele is
not found in many japonica varieties but is found in two parent cultivars of modern indica rice
varieties, ‘Tadukan’ and ‘IR64’.
Brabham et al. (2020) evaluated 37 weedy rice accessions collected in the southern
United States, for HIS1 gene functionality due to inconsistency in control observed in the field.
A diagnostic Kompetitive Allele Specific PCR (KASP) assay was developed to evaluate
phenotypic data observed in the field with genotypic data collected in the laboratory. A common
quantitative PCR genotyping technique, KASP, was used to identify allele specific single
nucleotide polymorphisms (SNPs). Brabham (2020) reported that only 52% of the assigned
dysfunctional his1 plants were sensitive to benzobicyclon. SNPs at the nucleotides evaluated
could not be used to predict his1 homozygous plants, but additional SNPs should be evaluated
for prediction of the presence of his1 alleles.
The HIS1 gene behaves as a single recessive trait that encodes a 351-amino acid protein
(Maeda et al. 2019). A nonsense mutation caused by a 28-base pair deletion in exon IV of the
HIS1 gene was found in benzobicyclon-sensitive cultivars using nucleotide sequencing analysis.
The HIS1 gene and ALSS653N traits which confer resistance to HPPD inhibiting herbicides and
IR-rice, respectively, are both localized on the lower half of chromosome 2 (Brabham et al.
2020; Burgos et al. 2014; Sales et al. 2008). This close linkage on chromosome 2 led to a high
probability that the HIS1 and ALSS653N traits were co-segregated or remained on same
chromosome during meiosis. Of the 693 plants genotyped, 344 plants had at least one copy of the
ALSS653N traits and 86% of these plants contained the HIS1 allele (Brabham et. al 2020).
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Previous research conducted on weedy rice accessions collected from Arkansas,
Mississippi, and Missouri found that benzobicyclon sensitivity was variable among and within
accessions evaluated (Young et al. 2017). KASP genotyping conducted on 37 of the weedy rice
accessions evaluated found that SNPs at the 607th and 612th nucleotides could not be used to
confirm the his1 allele (Brabham et al. 2020). However, a close linkage between HIS1 gene and
ALSS653N traits on chromosome 2 suggested that benzobicyclon would have minimal activity on
IR-weedy rice. The objective of this study was to evaluate weedy rice accessions collected in
Louisiana and southern Arkansas for benzobicyclon sensitivity and develop a SNP assay for
predicting his1 homozygous plants.
Materials and Methods
Weedy rice accessions were collected from nine different parishes throughout Louisiana,
and one county in Arkansas to evaluate benzobicyclon sensitivity (Table 3.1). Each accession
was characterized by hull color, plant height range, presence or absence of awns, and GPS
coordinates from which each accession was collected. If more than one phenotype was observed
at a location, separate accessions were collected for each phenotype. Samples were allowed to
dry for 1 week at room temperature, stored in a refrigerator for 3 weeks, placed in a growth
chamber at 32 C for 10 days, and then stored at room temperature until 2 weeks prior to planting.
Field studies were conducted in 2020 and 2021 at the LSU AgCenter H. Rouse Caffey
Rice Research Station (RRS) near Crowley, Louisiana (30.1801 ºN, -92.3492 ºW), to evaluate
weedy rice sensitivity to a postflood application of benzobicyclon. The soil at the RRS was a
Midland silty clay loam with a pH of 5.7 and 3.3% organic matter. Field preparation included a
fall and spring disking followed by two passes in opposite directions with a two-way bed
conditioner consisting of s-tine harrows and rolling baskets set at a depth of 6-cm.
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Table 2.1. Weedy rice accessions characterized by Parish, hull color, height, leaf pubescence,
height, awn presence/length, and GPS coordinates from which they were collected.a
Weedy Rice Phenotype
GPS Coordinates
Parish/
d
e
f
Hull Color Height
Awns
Latitude Longitude
Accession
Countyb
Statec
Cm
cm
°N
°W
WR-1
Jefferson Davis LA
Mixed
150-160
5-7
30.0955
-92.8093
WR-2
Jefferson Davis LA
Mixed
175-210
5-8
30.0960
-92.8261
WR-3
Jefferson Davis LA
Blackhull 150-170
5-8
30.0885
-92.8252
WR-4
Jefferson Davis LA
Mixed
140-175
None
30.0650
-92.8598
WR-5
Jefferson Davis LA
Strawhull 140-175
5-7
30.0650
-92.8598
WR-6
Jefferson Davis LA
Strawhull 140-170
None
30.0747
-92.7575
WR-7
Jefferson Davis LA
Strawhull 160-180
None
30.0968
-92.7739
WR-8
Jefferson Davis LA
Strawhull 160-185
None
30.0157
-92.7766
LA
WR-9
Vermillion
Strawhull 130-150
None
30.0209
-92.5536
LA
WR-10
Vermillion
Blackhull 130-150
3-6
30.0025
-92.4633
LA
WR-11
Vermillion
Strawhull 130-150
None
30.0025
-92.4633
LA
WR-12
Vermillion
Blackhull 155-180
4-6
30.0067
-92.3584
LA
WR-13
Vermillion
Strawhull 155-180
None
30.0067
-92.3584
LA
WR-14
Acadia
Mixed
130-150
Mixed
30.2479
-92.3199
LA
WR-15
St. Landry
Strawhull 120-140
2-4
30.6103
-91.8686
LA
WR-16
St. Landry
Blackhull 120-140
None
30.6103
-91.8686
LA
WR-17
St. Landry
Strawhull 120-140
None
30.6103
-91.8686
LA
WR-18
Acadia
Blackhull 150-180
Mixed
30.1638
-92.3640
LA
WR-19
Acadia
Strawhull 120-150
None
30.1638
-92.3640
LA
WR-20
Acadia
Strawhull 160-180
Mixed
30.1897
-92.3463
LA
WR-21
Acadia
Strawhull 150-170
4-6
30.1240
-92.3650
LA
WR-22
Acadia
Strawhull 160-190
5-7
30.1244
-92.3822
LA
WR-23
Acadia
Strawhull 140-160
None
30.1301
-92.4978
LA
WR-24
Acadia
Strawhull 130-150
4-6
30.1296
-92.4962
LA
WR-25
Acadia
Blackhull 120-140
3-6
30.1296
-92.4962
LA
WR-26
Acadia
Strawhull 130-150
None
30.1825
-92.4845
WR-27 Jefferson Davis LA
Strawhull 140-175
None
30.4214
-92.6688
LA
140-175
None
30.4214
-92.6688
WR-28 Jefferson Davis
Blackhull
4-6
30.4214
-92.6688
WR-29 Jefferson Davis LA
Strawhull 140-175
LA
None
30.4805
-92.4639
WR-30
St. Landry
Strawhull 150-180
LA
None
30.4252
-92.3982
WR-31
Acadia
Strawhull 140-160
LA
None
30.4252
-92.3982
WR-32
Acadia
Strawhull 150-180
LA
130-150
Mixed
30.2479
-92.3199
WR-33
Acadia
Blackhull
LA
None
30.6055
-92.0259
WR-34
St. Landry
Strawhull 140-160
LA
5-8
30.6070
-92.0238
WR-35
St. Landry
Blackhull 120-140
LA
4-7
30.6127
-92.0248
WR-36
St. Landry
Strawhull 120-140
LA
None
30.5624
-92.4926
WR-37
Evangeline
Strawhull 120-130
LA
130-140
Mixed
30.6052
-92.5064
WR-38
Evangeline
Strawhull
(Table 2.1 continued)
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Accession

Parish/
Countyb

WR-39
WR-40
WR-41
WR-42
WR-43
WR-44
WR-45
WR-46
WR-47
WR-48
WR-49
WR-50
WR-51
WR-52
WR-53
WR-54
WR-55
WR-56
WR-57
WR-58
WR-59
WR-60
WR-61
WR-62
WR-63
WR-64
WR-65
WR-66
WR-67
WR-68
WR-69
WR-70
WR-71

Evangeline
Evangeline
Evangeline
Evangeline
Evangeline
Evangeline
Evangeline
Evangeline
Evangeline
Acadia
Acadia
Acadia
Morehouse
Morehouse
Morehouse
Morehouse
Morehouse
Morehouse
Morehouse
Concordia
Concordia
Catahoula
Franklin
Franklin
Morehouse
Morehouse
Morehouse
Jefferson
Jefferson
Jefferson
Jefferson
Jefferson
Jefferson

State
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
AR
AR
AR
AR
AR
AR

Weedy Rice Phenotype
Hull Colorc Heightd
Awnse
Strawhull
Strawhull
Strawhull
Blackhull
Strawhull
Blackhull
Strawhull
Strawhull
Strawhull
Strawhull
Strawhull
Blackhull
Blackhull
Strawhull
Strawhull
Blackhull
Strawhull
Strawhull
Strawhull
Mixed
Blackhull
Strawhull
Blackhull
Blackhull
Strawhull
Strawhull
Blackhull
Blackhull
Blackhull
Strawhull
Strawhull
Strawhull
Strawhull

cm
150-170
140-160
150-170
180-200
120-140
120-140
130-160
120-140
120-130
90-110
110-140
110-140
130-150
120-150
120-140
140-170
120-130
110-120
130-150
150-180
150-200
160-180
140-160
130-170
140-160
130-150
140-180
140-170
140-160
130-140
160-180
135-155
150-170

a

cm
4-7
None
4-6
3-5
None
4-6
None
None
None
None
6-9
7-10
5-7
None
None
4-7
None
1-2
None
1-3
6-8
None
3-5
4-6
None
None
2-4
1-3
3-4
None
3-4
None
None

GPS Coordinates
Latitude
Longitude
°N
30.6050
30.6050
30.6050
30.6072
30.5775
30.5775
30.5016
30.5096
30.5668
30.1789
30.1822
30.1822
32.8861
32.8860
32.8804
32.8821
32.8169
32.8169
32.8167
31.7374
31.7383
31.8410
31.9983
31.9886
32.9809
32.9742
32.9387
34.0917
34.0917
34.0917
34.0917
34.0917
34.0917

°W
-92.5030
-92.5030
-92.5030
-92.5017
-92.5411
-92.5411
-92.5902
-92.5633
-92.5314
-92.3507
-92.3499
-92.3499
-91.5215
-91.5202
-91.5205
-91.5272
-91.6093
-91.6093
-91.6018
-91.5071
-91.5080
-91.6233
-91.5525
-91.5511
-91.4626
-91.4613
-91.7132
-91.8103
-91.8103
-91.8103
-91.8103
-91.8103
-91.8103

Accessions with the same GPS coordinates constitute different phenotypes at same location.
Weedy rice accessions were collected from 9 different parishes in Louisiana and one county in Arkansas.
c
Hull color was characterized as either strawhull, blackhull, or mixture of blackhull and strawhull.
d
Height range for weedy rice accessions in centimeters.
e
Awned accessions characterized by lengths in centimeters if present and as none if absent.
b
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Following seedbed preparation, 76- by 76-cm galvanized metal square rings with a height
of 30-cm were placed and pressed firmly to a soil depth of approximately 5-cm to isolate the area
contained inside the ring from the rest of the plot area. Each square ring was further broken down
into 19 by 19-cm plots to yield four plots per ring. Similar rings have been utilized in previous
research for herbicide containment without the use of individually leveed plots (McKnight et al.
2018; Rustom 2020; Sekino et al. 2008). Additionally, a treated and a nontreated bay were
utilized to ensure that nontreated weedy rice accessions were not affected by benzobicyclon
conversion into its active form in flood water.
Weedy rice accessions were subsampled at two grams of seed per plot. Prior to planting,
these subsamples were pre-germinated for 2- to 3-days in a petri dish with a mixture of 10 ml of
a 1% solution indole-3-butyric acid (Fertilome™ Root Stimulator and Plant Starter Solution 410-3, Voluntary Purchasing Groups, Inc., Bonham, TX), plus 10 ml of a 5% solution of carboxin
and thiram, (Vitavax-200, Chemtura Corporation, Middlebury, CT) plus 1.3 L ha-1 of
9,10-anthraquinone per 45-kg of seed (AV-1011 bird repellent, Arkion Life Sciences LLC, New
Castle, DE) plus 0.13 L ha-1 of chlorantraniliprole (Dermacor X-100, E.I. du Pont de Nemours
and Company, Wilmington, DE).
A water-seeded rice system with a pinpoint flood water management system was utilized
for this study. Pregerminated weedy rice accessions were hand broadcast into a 6-cm seeding
flood on July 1, 2020, and June 30, 2021. The seeding flood was drained approximately 48-hr
after seeding, and rice seedlings were allowed to establish for 4-days. At the pegging stage,
weedy rice seedlings were anchored into soil and coleoptile was approximately 2.5-cm in length,
a pinpoint flood was established. The flood was increased in depth as the rice plant grew until a
final flood depth of 10-cm was reached. Fertility and other pest management practices were
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based on recommendations from the LSU AgCenter Rice Production Guidelines (Harrell and
Saichuk 2014).
The field study was a split plot design, with the whole plot being benzobicyclon applied
at 0 or 373 g ai ha-1 and the subplot was weedy rice accessions. The accessions were randomized
within the whole plot with four replications. A burndown application of glyphosate at 1260 g ae
ha-1 was applied approximately 7 d prior to establishing a seeding flooding to eradicate any
weeds present prior to planting.
A HIS1 KASP assay was developed using the Os02g0280700 gene first reported by
Maeda et al (2020). SNP marker data was extracted from this gene across the 3k Rice Genome
project (http://snp-seek.irri.org/) (Alexandrov et al. 2015). This SNP data was used to construct
haplotypes of the Os02g0280700 gene, and a minimum number of SNPs was identified to
characterize the haplotype diversity of that gene. These haplotype SNPs were sent to LGC
genomics (Biosearch Technologies 2022) to develop primers for KASP genotyping. In addition,
a KASP marker assay was developed on the functional mutation that causes the
resistance/susceptibility to benzobicylon and other β-triketone herbicides.
Eight tissue samples were collected from each accession approximately 7 d prior to
herbicide application, or 21 d after planting, from the second leaf of each sampled plant. A tissue
punch was collected from each of the 8 leaf samples. Deoxyribonucleic acid (DNA) from each
punch was extracted from these leaf tissue and run through KASP genotyping to determine the
HIS1/his1 allele within each accession. This genotyping technique was used to identify the
functional trait marker for the functional HIS1 or the dysfunctional his1 allele that confers
resistance to benzobicyclon and other HPPD herbicides. As well as determine if each weedy rice
accession possessed the ALSS653N trait which confers resistance to imidazolinone herbicides.
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Weedy rice control phenotypes observed in the field were compared with the trait markers found
in the lab. Each accession was broadly characterized based on their HIS1 or his1 allele and IR
traits frequency found in KASP genotyping. An accession was considered tolerant if greater than
80% of alleles/traits were either HIS1 or IR, an accession was considered mixed if alleles/traits
were between 20 to 80% HIS1 or IR, or susceptible if less than 20% of alleles/traits were HIS1 or
IR.
Benzobicyclon was applied at the three- to four-leaf growth stage utilizing a CO2pressurized backpack sprayer calibrated to deliver 94 L ha-1. Applications were made using a
spray boom consisting of twelve flat fan 11001 nozzles (Flat Fan AirMix Venturi Nozzle,
Greenleaf Technologies, Covington, LA) with 51-cm spacings and operated at 234 kpa. Spray
boom coverage treated from base of levee to base of levee to ensure adequate coverage of all
water. Methylated seed oil (MSO, Leci-Tech, Loveland Products, Loveland CO) at a rate of 1%
v/v was added to benzobicyclon treatment.
Plant heights were collected from the base of the plant to the tip of the upper leaf at 14,
and 28 days after treatment (DAT). Visual weedy rice control evaluations were recorded at 14
and 28 DAT on a scale of 0 to 100 where 0 = no control and 100 = complete plant death. Five
weedy rice plants from each plot were collected, combined, and weighed immediately to obtain
weedy rice shoot biomass in grams. Percent heading evaluations were recorded at 42, 49, 56, and
63 DAT on a scale of 0 to 100 where 0 = no heading and 100 = complete heading.
Weedy rice control data were arranged as repeated measures and were subject to the
MIXED procedure in SAS (Release 9.4, SAS Institute, Cary, NC). Year, replication (nested
within treatments), and all interactions containing any of these effects were considered random
effects. Considering year, and replication as random effects accounts for different environmental
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conditions that may have been encountered in that year and allows inferences about treatments to
be made over a wide range of environments (Carmer et al. 1989; Hagar et al. 2003). Fixed effects
included weedy rice accessions and evaluation dates. Type III statistics were used to test all
possible interactions of fixed effects. Tukey’s honestly significant difference test was used to
separate means at a probability level of 5% (p ≤ 0.05). Mean separations were assigned using the
PLM procedure in SAS (release 9.4, SAS Institute, Cary, NC). Weedy rice height and heading
data were reported as a percentage of the nontreated and were subject to two-way ANOVA using
the MIXED procedure in SAS 9.4. Shoot biomass data was not repeated due to only one
evaluation date. Year, replication (nested within treatments), and all interactions containing any
of these effects were considered random effects. Fixed effects included genotypic/phenotypic
characterizations as hull color, awn presence, HIS1 or his1 allele, and ALSS653N traits, and
evaluation dates. Separate three-way ANOVAs were run for hull color, awn presence, HIS1
allele, and ALSS653N traits. Type III statistics were used to test all possible interactions of fixed
effects. Tukey’s honestly significant difference test was used to separate means at a probability
level of 5% (p ≤ 0.05). Mean separations were assigned using the PLM procedure in SAS
(release 9.4, SAS Institute, Cary, NC).
Results and Discussion
Weedy rice accessions from across Louisiana and southern Arkansas had various
phenotypes and genotypes which led to varying sensitivity when treated with benzobicyclon at
373 g ha-1 (Table 2.2). Weedy rice accessions were characterized by phenotypic designations
during collection. One characterization evaluated in this study was weedy rice hull color as either
strawhull, blackhull, or a mixture of strawhull and blackhull weedy rice plants within an
accession. Strawhull weedy rice consisted of 65% of the accessions, blackhull weedy rice
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consisted of 28% of the accessions, and a mixture of blackhull and strawhull weedy rice
consisted of 7% of the accessions. Another phenotypic characterization evaluated was the
presence or absence of awns within weedy rice populations. Of the 71 accessions evaluated; 49%
were characterized as awned, 44% were characterized as awnless, and 7% were a mixture of
awned and awnless weedy rice plants within an accession.
KASP genotyping was used to designate different genotypes found within each accession
(Table 2.2). Of the 71 accessions evaluated, 56% possessed the HIS1 allele and were potentially
tolerant to benzobicyclon. The dysfunctional his1 allele was present in 21% of the accessions
and were potentially sensitive to benzobicyclon and other triketone herbicides. A combination of
the functional HIS1 and dysfunctional his1 alleles were present in 23% of the accessions. These
mixed accessions suggested that both alleles were present in a single population and
benzobicyclon sensitivity within that population could vary.
Another genotypic designation evaluated in this study was the presence of the ALSS653N
trait, which was bred into IR cultivars, but has since outcrossed with weedy rice populations
(Table 2.2). The IR trait was present in 34% of weedy rice accessions evaluated and were
potentially tolerant to imidazolinone herbicides. When the ALSS653N was not present it was
deemed as wild-type red rice and occurred in 37% of accessions in this study. These accessions
have not crossed with IR cultivars and are therefore susceptible to imidazolinone herbicides.
Weedy rice accessions containing both the wild-type and ALS S653N trait occurred in 29% of the
71 accessions evaluated.
A weedy rice accession by evaluation date interaction occurred for weedy rice control
(Table 2.2). At 14 DAT, 66% of weedy rice accessions treated with benzobicyclon did not differ
from the nontreated with less than 10% control observed. At 28 DAT, 70% of weedy rice
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accessions treated with benzobicyclon did not differ in weedy rice control with less than 15%
control observed. The functional HIS1 allele, alone or as a mixed population, was present in all
these accessions. Whereas 76% of weedy rice accessions possessing the dysfunctional his1 allele
had greater than 50% control at 28 DAT, but only 10% had greater than 80% control observed.
These data suggest that the presence of the functional HIS1 allele increased benzobicylon
sensitivity and the presence of the dysfunctional his1 allele decreased benzobicylon sensitivity.
Similarly, greater than 50% weedy rice control was observed in 66% of weedy rice
accessions that lacked the ALSS653N trait. Whereas 78% of weedy rice accessions treated with
benzobicyclon that possessed the ALSS653N trait were similar to the nontreated with less than
15% control observed. IR weedy rice populations, when treated with benzobicyclon, appear to be
less tolerant compared with wild type red rice populations.
Table 2.2. Phenotypic and genotypic designations of 71 weedy rice accessions collected for
sensitivity to benzobicyclon at 373 g ha-1 with phenotypic control observations evaluated at 14,
and 28 DAT averaged across 2020 and 2021.a

Accession

Weedy Rice Phenotypes
Hull Colorb Awn Presencec

Weedy Rice Genotypes
ALSS635N Traitd HIS1/his1e

Control (DAT)f
14
28
_________

WR-1
Mixed
WR-2
Mixed
WR-3
Blackhull
WR-4
Mixed
WR-5
Strawhull
WR-6
Strawhull
WR-7
Strawhull
WR-8
Strawhull
WR-9
Strawhull
WR-10
Blackhull
WR-11
Strawhull
WR-12
Blackhull
WR-13
Strawhull
WR-14
Mixed
(Table 2.2 continued)

Awned
Awned
Awned
No Awns
Awned
No Awns
No Awns
No Awns
No Awns
Awned
No Awns
Awned
No Awns
Mixed

IR
IR
IR
IR
IR
IR
IR
IR/No IR
No IR
IR/ No IR
IR/ No IR
No IR
No IR
IR/ No IR
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HIS1
HIS1
HIS1
HIS1
HIS1
HIS1
HIS1
HIS1
HIS1
HIS1
HIS1
HIS1
HIS1/his1
HIS1

% ________
0x
0x
0x
0x
0x
0x
0x
0x
0x
0x
0x
0x
46 j-l
0x

___________________

0x
0x
0x
6 u-x
0x
0x
0x
0x
0x
1 wx
4 u-x
4 u-x
36 o-q
6 u-x

Weedy Rice Phenotypes
Accession

Hull Colorb Awn Presencec

Weedy Rice Genotypes
ALSS635N Traitd

HIS1/his1e

Control (DAT)f
14
_________

WR-15
Strawhull
WR-16
Blackhull
WR-17
Strawhull
WR-18
Blackhull
WR-19
Strawhull
WR-20
Strawhull
WR-21
Strawhull
WR-22
Strawhull
WR-23
Strawhull
WR-24
Strawhull
WR-25
Blackhull
WR-26
Strawhull
WR-27
Strawhull
WR-28
Blackhull
WR-29
Strawhull
WR-30
Strawhull
WR-31
Strawhull
WR-32
Strawhull
WR-33
Blackhull
WR-34
Strawhull
WR-35
Blackhull
WR-36
Strawhull
WR-37
Strawhull
WR-38
Strawhull
WR-39
Strawhull
WR-40
Strawhull
WR-41
Strawhull
WR-42
Blackhull
WR-43
Strawhull
WR-44
Blackhull
WR-45
Strawhull
WR-46
Strawhull
WR-47
Strawhull
WR-48
Strawhull
WR-49
Strawhull
WR-50
Blackhull
WR-51
Blackhull
WR-52
Strawhull
(Table 2.2 continued)

Awned
No Awns
No Awns
Mixed
No Awns
Mixed
Awned
Awned
No Awns
Awned
Awned
No Awns
No Awns
No Awns
Awned
No Awns
No Awns
No Awns
Mixed
No Awns
Awned
Awned
No Awns
Mixed
Awned
No Awns
Awned
Awned
No Awns
Awned
No Awns
No Awns
No Awns
No Awns
Awned
Awned
Awned
No Awns

No IR
No IR
No IR
IR
IR
IR/ No IR
IR
IR/ No IR
IR/ No IR
IR
IR
No IR
IR
IR/ No IR
IR/ No IR
IR/ No IR
IR
IR/ No IR
IR
No IR
No IR
IR/ No IR
IR
IR/ No IR
IR/ No IR
IR/ No IR
IR/ No IR
No IR
IR/ No IR
IR
IR
No IR
No IR
IR/ No IR
No IR
No IR
No IR
IR/ No IR
34

his1
his1
his1
HIS1
HIS1
HIS1
HIS1
HIS1
HIS1/his1
HIS1
HIS1
his1
HIS1
HIS1
HIS1
HIS1
HIS1
HIS1
HIS1
HIS1
HIS1
HIS1
his1
HIS1
HIS1
HIS1
HIS1
HIS1/his1
HIS1
HIS1
HIS1
his1
his1
HIS1
his1
HIS1
HIS1
HIS1/his1

28

% ________
___________________
44
k-p
56 e-l
53 f-m
56 e-l
51 g-p
68 b-e
0x
0x
0x
0x
0x
0x
9 t-x
6 u-x
0x
0x
56 e-l
58 d-k
1 wx
8 t-x
1 wx
0x
75 bc
70 b-d
0x
8 t-x
0x
0x
0x
0x
0x
0x
14 s-w
11 t-x
41 m-p 39 n-q
0x
0x
33 p-r
36 o-q
0x
0x
5 u-x
0x
18 s-u
58 e-k
0x
0x
0x
0x
0x
0x
18 s-u
0x
18 s-u
0x
0x
0x
0x
0x
0x
0x
60 d-i
82 b
52 g-m
59 d-j
0x
0x
54 f-m
67 c-f
4 u-x
16 s-v
0x
0x
0x
0x

Weedy Rice Phenotypes
Accession

Hull Colorb Awn Presencec

Weedy Rice Genotypes
ALSS635N Traitd

HIS1/his1e

Control (DAT)f
14

28

_________

WR-53
WR-54
WR-55
WR-56
WR-57
WR-58
WR-59
WR-60
WR-61
WR-62
WR-63
WR-64
WR-65
WR-66
WR-67
WR-68
WR-69
WR-70
WR-71

Strawhull
Blackhull
Strawhull
Strawhull
Strawhull
Mixed
Blackhull
Strawhull
Blackhull
Blackhull
Strawhull
Strawhull
Blackhull
Blackhull
Blackhull
Strawhull
Strawhull
Strawhull
Strawhull

No Awns
Awned
No Awns
Awned
No Awns
Awned
Awned
No Awns
Awned
Awned
No Awns
No Awns
Awned
Awned
Awned
No Awns
Awned
No Awns
No Awns

IR
No IR
No IR
No IR
No IR
IR
IR/ No IR
No IR
No IR
No IR
IR
No IR
IR/ No IR
IR
IR
No IR
IR
No IR
No IR

HIS1/his1
HIS1
his1
his1
his1
HIS1/his1
HIS1/his1
HIS1
HIS1
HIS1
his1
HIS1/his1
HIS1/his1
HIS1/his1
HIS1
his1
HIS1
his1
his1

% ________
___________________
0x
0x
0x
0x
64 c-g
65 c-g
63 c-h
77 bc
49 i-o
54 f-m
1 wx
0x
1 wx
0x
0x
0x
4 u-x
0x
3 v-x
0x
33 p-r
51 g-n
58 d-k
42 l-p
0x
0x
0x
0x
0x
0x
40 m-p
66 c-f
25 q-s
14 s-x
50 h-o
96 a
45 k-p
55 e-l

Means followed by a common letter do not significantly differ at P = 0.05 using Tukey’s honestly significant
difference test.
b
Weedy rice accessions were characterized by hull color; strawhull, blackhull, or a mixture of blackhull and
strawhull seed
c
Weedy rice accessions were characterized as awned, awnless or a mixture of awned and awnless seed.
d
Weedy rice accessions were broadly classified based on HIS1 or his1 allele frequency found in KASP
genotyping.
e
Weedy rice control was measured using a scale of 0 = no control, and 100 = complete plant death based on
visual symptoms.
f
DAT denotes days after treatment
a

Similar results were reported by Brabham et al. (2020) with 86% of the weedy rice plants
evaluated containing at least one copy of both the ALSS653N traits and the HIS1 functional allele.
This is likely due to the close linkage of the HIS1 gene and the ALSS653N traits on the lower half
of chromosome 2. As gene flow occurred between wild type red rice populations and IR rice
cultivars, to form IR weedy rice populations, the functional HIS1 allele was also selected. Young
et al. (2018) reported similar findings with varying control of weedy rice accessions treated with
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benzobicyclon, with 30% of the weedy rice accessions collected from Arkansas, Mississippi, and
Missouri resulting in control above 80%.
Weedy rice accessions were characterized by phenotypic designations to evaluate various
ranges of weedy rice control when treated with benzobicyclon at 28 DAT (Table 2.3). Hull color
and awn presence observations for each accession were designated during weedy rice collection.
Less than 20% control was observed in 95% of blackhull accessions whereas strawhull
accessions were more variable. Less than 20% and greater than 60% control was observed in 59
and 22% of the strawhull accessions, respectively. Similarly, less than 20% control was observed
on 90% of the awned accessions. Whereas greater than 60% and less than 20% control was
observed on 22% and 50% of awnless weedy rice accessions, respectively. These data suggest
weedy rice with strawhull, and/or awnless phenotypic characterizations are more likely to be
sensitive to benzobicyclon.
Weedy rice accessions were characterized by genotypic designations to evaluate various
ranges of weedy rice control when treated with benzobicyclon at 28 DAT (Table 2.3). HIS1
allele and ALSS653N traits for each accession were designated during KASP genotyping. Of the
46 accessions characterized as possessing the functional HIS1 allele, less than 20% control was
observed on 96% of the accessions at 28 DAT. Similarly, 60% control or better was observed in
53% of the weedy rice accessions possessing the dysfunctional his1 allele. Weedy rice control
was observed at less than 20% in 92% of the accessions possessing the ALSS653N trait and 90%
of accessions possessing both the ALSS653N and wild-type red rice in their populations. Greater
than 60% control was observed in 35% of weedy rice accessions designated by KASP
genotyping as wild-type red rice. These data suggest that weedy rice accessions possessing the
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dysfunctional his1 allele and/or red rice populations that have not outcrossed with IR rice
cultivars are more likely to be sensitive to benzobicyclon.
Table 2.3. Frequency of weedy rice accessions in various ranges of % control at different
phenotypic and genotypic designations at 28 DAT.a
% Control of Accessions by Phenotype or
Genotype
Total
810-20
21-40
41-60
61-80
Plant
Number of
100
Characteristics Rice Trait
Accessions
______________
Number of Accessions _______________
Phenotypesb
Blackhull
20
19
1
Strawhull
46
27
2
7
8
2
Mixed
5
5

Genotypesc

Awned
No Awns
Mixed

31
35
5

28
18
5

2

HIS1
his1
Mixed

46
15
10

44

2

ALSS653N
No ALSS653N
Mixed

24
26
21

22
10
19

7
1
1

1
7

2
6

2

7
3

6

2

6
1

2

2
7

a

Number of accessions in each phenotype/genotype at various ranges of control is recorded above. Blanks
indicate no accessions were observed in that control range.
b
Phenotypes were designated during weedy rice collection and were evaluated for hull color and awn
presence/absence.
c
Genotypes were designated during KASP genotyping and were evaluated for HIS1 allele presence and
imidazolinone-resistant traits presence/absence.

A hull color by evaluation date interaction occurred for weedy rice height as a percentage
of the nontreated (Table 2.4). At 14 DAT, heights were similar for strawhull, blackhull, and
mixed accessions with both strawhull and blackhull characterizations. By 28 DAT, blackhull and
mixed accessions heights were observed at 86 to 94% of the nontreated, but strawhull accessions
were observed at 78% of the nontreated when treated with benzobicyclon. This reduction in
height is likely due to the higher level of control observed in strawhull accessions as compared
with blackhull and mixed accessions discussed previously (Table 2.2).
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An awn presence/absence main effect occurred for weedy rice height; therefore, data
were averaged across evaluation dates (Table 2.4). A reduction in height as compared with the
nontreated was observed for awnless weedy rice accessions. Awned accessions or a mixture of
awned and awnless seed within the accession did not differ as compared with the nontreated.
This reduction in height is likely due to increased control observed in awnless weedy rice
accessions (Table 2.3)
Table 2.4. Weedy Rice Height, Heading and Shoot Biomass data as a percentage of the
nontreated characterized by Hull Color, Awn Presence, HIS1 Allele, and ALSS653N traits.a
Percentage of Nontreated (DAT)d
e
Height
Shoot Biomassf
Headingg
Plant
14
28
28
49
63
Characteristics Rice Trait
_________________________________
% __________________________________
Phenotypesb
Strawhull
92 ab
78 c
78 b
65 a
67 a
Blackhull
98 a
94 ab
101 a
45 b
76 a
Mixed
91 ab
86 bc
75 b
56 ab
79 a
Awned
No Awns
Mixed
Genotypesc

-

94 a
83 b
95 a

92 a
77 b
91 ab

-

65 a
66 a
53 a

HIS1
his1
Mixed

95 a
87 b
97 a

89 b
57 c
91 ab

89 a
63 b
94 a

-

64 b
54 b
80 a

ALSS653N
No ALSS653N
Mixed

95 a
92 ab
95 a

88 b
73 c
91 ab

89 a
76 b
90 a

49 b
52 b
84 a

72 a
56 b
81 a

a

Each phenotype/genotype was analyzed as a separate two-way ANOVA for interactions with evaluation dates.
Phenotypes were designated during weedy rice collection and were evaluated for hull color and awn
presence/absence.
c
Genotypes were designated during KASP genotyping and were evaluated for HIS1 allele presence and
imidazolinone-resistant traits presence/absence.
d
DAT denotes days after treatment.
e
Weedy rice heights were collected from treated and nontreated accessions and measured from soil level to tip
of extended leaf at 14 and 28 DAT.
f
Weedy rice above ground biomass was collected from 5 plants in each plot and combined for a total average
weight at 28 DAT.
g
Weedy rice heading data was visually rated at 49 and 63 DAT on a scale of 0 = no heading and 100 =
complete heading
b

A HIS1 allele by evaluation dates interaction occurred for weedy rice height as a
percentage of the nontreated (Table 2.4). At 14 DAT, similar heights were observed in the weedy
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rice accessions that possessed the functional HIS1 allele with heights observed at 95 to 97% of
the nontreated. Weedy rice accessions that possessed the dysfunctional his1 allele were observed
at 87% of the nontreated at 14 DAT. At 28 DAT, weedy rice accessions with the dysfunctional
his1 allele had a reduction in height of 43% compared with nontreated accessions. Weedy rice
accessions containing the functional HIS1 allele, or a mixture of the functional and dysfunctional
alleles were reduced just 11 and 9%, respectively. This reduction in height can be attributed to
the increased sensitivity to benzobicyclon in weedy rice accessions containing the dysfunctional
his1 allele and is similar to weedy rice control data previously discussed (Table 2.2).
An ALSS653N trait by evaluation date interaction occurred for weedy rice height as a
percentage of the nontreated (Table 2.4). At 14 DAT, heights were similar for weedy rice
accessions regardless of ALSS653N trait present. At 28 DAT, weedy rice accessions characterized
as wild-type red rice were observed at 73% of the nontreated. Weedy rice accessions that
outcrossed with IR cultivars or contained both wild-type and IR traits in the population resulted
in heights of 88 to 91% of the nontreated which aligns with weedy rice control and presence of
functional HIS1 allele.
A phenotype/genotype main effect occurred for weedy rice shoot biomass (Table 2.4).
Reduced shoot biomass was observed in strawhull and mixed accessions for hull color, while
blackhull accessions were similar to nontreated weedy rice accessions. Similarly, weedy rice
accessions containing the dysfunctional his1 allele or lacking the ALSS653N trait had reduced
shoot biomass compared with the nontreated and weedy rice accessions containing either the
functional HIS1 allele or the ALSS653N trait. This was similar to weedy rice accession control and
height data (Table 2.4).
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A hull color by evaluation date interaction occurred for weedy rice heading as a
percentage of the nontreated (Table 2.4). At 49 DAT, blackhull weedy rice accessions had
reduced heading compared with the nontreated whereas strawhull and mixed accessions did not
differ. However, by 63 DAT weedy rice accessions regardless of hull color had similar heading
compared with the nontreated. Due to the lack of weedy rice control observed when blackhull
accessions when treated with benzobicyclon and similar heading data observed at a later
evaluation date, this delay in heading is unlikely to be the result of the herbicide treatment.
Blackhull weedy rice populations tend to flower later than strawhull populations (Burgos et al.
2014, Shivrain et al. 2010).
In conclusion, highly variable control among and within accessions was observed when
weedy rice accessions with different phenotypic and genotypic characteristics were treated with
benzobicyclon (Table 2.2). Weedy rice treated with benzobicyclon was controlled 0 to 14% in
70% of the accessions, but control above 80% was only observed in 3% of the weedy rice
accessions. Weedy rice populations with a strawhull-awnless phenotype had increased sensitivity
to benzobicyclon compared with blackhull or awned accessions. The presence of a functional
HIS1 or dysfunctional his1 allele found during KASP genotyping was the best indicator of
benzobicyclon susceptibility in weedy rice populations evaluated. Similarly, weedy rice
accessions that possessed the ALSS653N trait and were resistant to imidazolinone herbicides were
also more tolerant to benzobicyclon. The close linkage of the HIS1 gene and the ALSS653N trait
on the lower portion of chromosome 2 likely selected for benzobicyclon sensitivity in IR weedy
populations. Similar findings were reported by Young et al. (2017) with variation in control
among and within weedy rice accessions collected from around Arkansas, Mississippi, and
Missouri when treated with benzobicyclon. However, the HIS1/his1 KASP assays designed in
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this study were not utilized in the study conducted by Young et al. (2020). Similarly, Brabham et
al. (2020) designed a HIS1/his1 KASP assay using the 3k Rice Genome Project (http://snpseek.irri.org/) (Alexandrov et al. 2015), but only contrasted between japonica and indica SNPs,
whereas in this work the haplotype diversity was surveyed across the 3k Rice Genome Project
germplasm and across target U.S. rice germplasm. These results indicate that the KASP assays
developed in this study work for all applications and can therefore be used to determine if a
weedy rice population would be sensitive to benzobicyclon. These data indicate that
benzobicyclon is not a viable option for weedy rice control due to inconsistent control and high
levels of imidazolinone-resistant weedy rice populations in Louisiana.
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Chapter 3. Aquatic Weed Management with Florpyrauxifen-benzyl and
Halosulfuron plus Prosulfuron Surface-Coated on Urea Fertilizer
Introduction
In 2020, approximately 17% of Louisiana rice (Oryza sativa L.) was planted utilizing the
water-seeded planting method (Harrell 2020). Prior to the release of imidazolinone-resistant rice
in 2002, water-seeded production systems were the most common seeding practices and was
primarily utilized in Louisiana rice production for management of red rice (O. sativa L.), often
referred to as weedy rice (O. sativa L.) (Harrell and Saichuk 2014). In this system, pregerminated rice is aerially seeded into an established flood. The weight of the imbibed seed
allows it to sink to the soil surface, and within 24- to 48-hr of seeding, the flood is removed to
allow for seedling establishment.
The major water management technique utilized in Louisiana water-seeded rice
production is a pinpoint flood system (Harrell and Saichuk 2014). In a pinpoint flood system, the
flood is drained after planting to promote stand establishment by allowing the radicle to anchor
the seedling in the soil. This usually occurs within 4- to 7-days after planting. A permanent flood
is then established to a depth which allows the tip of the rice leaf to remain above the flood. As
the rice grows, the flood is raised to a final level of 5- to 10-cm. Weedy rice is suppressed in this
system due to reduced oxygen which is necessary for germination is not available under flooded
or saturated conditions.
While flooded environments are not conducive to growth for many plants, there are some
aquatic weeds that can thrive in these types of environments. In southwestern Louisiana, rice is
commonly rotated with a crawfish [Procambarus clarkii (Girard)]; [Procambarus zonangulus
(Hobbs & Hobbs)] production system. Maintaining a nearly year-round flood is essential for
crawfish production. Water-seeding production systems are easily adapted to rice-crawfish
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rotations, and many producers who use this rotation utilize water-seeded planting practices
(Harrell and Saichuk 2014). These extended periods of inundation from flood water provide a
unique environment for several aquatic weed species that otherwise would not be a problem in
rice production (McKnight 2017; Rustom 2020). These troublesome aquatic weeds include
ducksalad [Heteranthera limosa (Sw.) Willd.], floating primrose-willow [Ludwigia peploides
(Kunth) P.H. Raven], grassy arrowhead (Sagittaria graminea Michx. var. graminea), and
pickerelweed (Pontederia cordata L.) (McKnight 2017; Webster 2014).
Ducksalad is an aquatic, freshwater annual in the Pontederiaceae family that is native to
the Americas, and frequents wet cultivated areas, rice fields, ditches, and shallow open water
(Bryson and Delfice 2009). Ducksalad can be rooted in the saturated soil or free-floating (Horn
2003a). This weed has both indeterminate vegetative stems that produce leaves and determinate
flowering stems that produce a terminal inflorescence. This aquatic plant can grow up to 15-cm
tall, and spreads through rhizomes. Leaves are narrowed to acute, obtuse, or slightly heartshaped at the base. Inflorescences contain one flower that is white or blue with 6 petals.
According to Smith (1968), ducksalad emergence coincides with prolonged saturation of
soils or following establishment of the permanent flood. As soon as soil is saturated, ducksalad
begins germination. Smith (1988) reported ducksalad at 800 to 1200 plants m-2 reduced waterseeded rice yields by 10% with just 15 days of interference and up to 30% with 80 days of
interference. In drill-seeded rice, ducksalad infestations are not as prevalent due to permanent
flood establishment later in the season when rice stand has established, and rice plants have
grown up to 20-cm tall. For these reasons, yields can be reduced during the first 2- to 3-weeks of
crop emergence in water-seeded production systems due to early season competition with the
growing rice seedlings (Smith 1968). Braverman (1995) reported that ducksalad treated with
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bensulfuron coated fertilizer was more reliable than bensulfuron coated onto molinate or
thiobencarb for control of ducksalad in a water-seeded production system. McKnight et al.
(2018), reported ducksalad treated with benzobicyclon at 493 to 1232 g ha-1 controlled ducksalad
83%. These studies demonstrated that a postflood herbicide applications could control ducksalad
infestations and increase rice yields by reducing early season competition.
Floating primrose-willow is a creeping aquatic perennial in the Onagraceae family that is
native to North America, and frequents wetlands, streams, ponds, and ditches (Bryson and
Delfice 2009). This plant roots at nodes usually forming mats in shallow water. Stems are
creeping or floating and elongate (Radford et al. 1968). Leaves are alternate, elliptic to obovate,
up to 8-cm long and 3.5-cm wide. Inflorescences are solitary in axils of upper leaves with 5
yellow petals, and a 5-segmented calyx. Rejmánková (1992), reported floating primrose-willow
can produce up to 50-g dry weight m-2 day-1 and natural stands averaged 500- to 700-g dry
weight m-2.
Grassy arrowhead is an aquatic perennial in the Alismataceae family that is native to
North America and occurs in or along the edge of bodies of water (Bryson and Delfice 2009).
This plant arises from short, stout rhizomes with unbranched and erect stems, and can grow up to
100-cm (Haynes and Hellquist 2000; Radford et al. 1968). Leaf blades are linear to linearoblanceolate with varying lengths and widths and petioles are triangular. Inflorescence forms
racemes or panicles with 2- to 12-whorls, with spreading cylindric fruiting pedicels.
Pickerelweed is an erect, to ascending, stout aquatic herbaceous perennial in the
Pontederiaceae family that is native to North America, and frequents shallow water edges of
ponds, lakes, and slow-moving streams (Bryson and Delfice 2009). Pickerelweed is rooted in
mud, with contracted vegetative stems and rhizomatous growth (Horn 2003b; Radford et al.
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1968). Flowering stems are erect and can grow up to 1.2-m in height. Leaves are sessile with
linear blades that are lanceolate to cordate. Inflorescences occur above water in dense blue to
violet spikes that are 5- to 15-cm long.
Florpyrauxifen-benzyl (Loyant®, Corteva Agriscience, Indianapolis, IN) was released by
for commercial use in U.S. rice production as a postemergence option in 2018 (Anonymous
2017b). With labeled uses in crawfish and rice production, this new herbicide provided an
additional mode of action for controlling problematic weeds in mid-south rice production
without negatively affecting crawfish production systems (Rustom 2020). Florpyrauxifen-benzyl
is considered a pro-herbicide because the molecule must be metabolically converted into
florpyrauxifen-acid, the active form of herbicide, by enzymatic hydrolysis inside plants (Epp et
al. 2016; Jeschke 2015; Miller and Norsworthy 2018c). Preflood applications followed by an
establishing a permanent flood within 72 hours is recommended to increase herbicide uptake,
translocation, and metabolism of florpyrauxifen-benzyl.
In a field study to evaluate florpyrauxifen-benzyl mixed with common contact or
systemic rice herbicides, no antagonism was observed with the herbicides evaluated (Miller and
Norsworthy 2018b). This flexibility to be co-applied with other herbicides could provide rice
producers with another mode of action for managing troublesome weeds and could also help
reduce the risk of potential herbicide resistance in the future. Rustom (2020) evaluated
florpyrauxifen-benzyl applied at rates from 0 to 29.5 g ha-1 as a foliar application to evaluate the
management of alligatorweed [Alternanthera philoxeroides (Mart.) Griseb.], ducksalad, floating
primrose-willow, grassy arrowhead, and pickerelweed. Floating primrose-willow control was
less than 50% when treated with florpyrauxifen-benzyl regardless of rate; however, the other
weeds evaluated in this study were controlled 84 to 99% when treated with florpyrauxifen-
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benzyl at 14.3 to 29.5 g ha-1. Reduced rates of florpyrauxifen-benzyl can be used for control of
alligatorweed, ducksalad, grassy arrowhead, and pickerelweed. However, additional herbicides
will be needed to provide adequate control of floating primrose-willow. Based on findings of
Rustom (2020), florpyrauxifen-benzyl can be a useful tool for aquatic weed management in a
crawfish-rice rotations.
In 2018, a prepackaged mixture of halosulfuron plus prosulfuron (Gambit®, Gowan
Company, Yuma, AZ,) was released. This prepackaged mixture contains two sulfonylurea
herbicides with activity on broadleaf and sedge weeds that are problematic in rice production
(Anonymous 2017a). Rustom (2020) evaluated florpyrauxifen-benzyl and the prepackaged
mixture of halosulfuron plus prosulfuron for weed management in a salvage situation. Rustom
(2020), reported that yellow nutsedge, alligatorweed, hemp sesbania, and Indian jointvetch
treated with florpyrauxifen-benzyl or halosulfuron plus prosulfuron achieved 84 to 99% control
at 42 days after treatment (DAT). However, Texasweed treated with halosulfuron plus
prosulfuron, or florpyrauxifen-benzyl applied alone was less than 40% and 20%, respectively.
While there are some weeds that are not controlled with these herbicides, they can be used to
manage problematic broadleaf and sedge weeds in mid-south rice production.
In southern U.S. rice production, herbicides applications are often applied aerially after
permanent flood establishment. These aerial applications are costly and have an increased risk
for off-target movement of herbicides to sensitive crops. Off-target movement of auxin
herbicides, including florpyrauxifen-benzyl, has been evaluated due to the extreme sensitivity of
susceptible species (Auch and Arnold 1978; Egan et al. 2014; Miller and Norsworthy 2018d;
Walker et al. 2021). One potential method for mitigating off-target movement of herbicides is the
use of herbicide surface-coated granular fertilizer applications (Braverman 1995). Physical
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characteristics such as density, and size reduce the risk of off-target movement of herbicide
surface-coated fertilizer granules. Applying a herbicide as a surface-coated fertilizer application
could reduce off-target movement, and ensure that the herbicide reaches the soil surface. Another
benefit of applying herbicide surface-coated fertilizer applications is a potential for synchronous
timing with early season or mid-season fertilizer applications that occur in normal water-seeded
rice production practices (Mudge et al. 2005). Combining applications on a fertilizer granule can
reduce off-target movement, save time, and reduce production costs by eliminating an additional
herbicide application.
Granular herbicide applications have been used to effectively control problematic weeds
in corn, soybean, rice, wheat, and others (Koscelny and Peeper 1996). A co-application of a
sulfonylurea with clomazone as a surface-coated fertilizer application reduced foliar bleaching
compared with foliar applications of the same mixture (Mudge et. al 2005). Grass and rice
flatsedge control was maintained by the surface-coated fertilizer applications compared with the
foliar applications. Bensulfuron-methyl, a sulfonylurea herbicide, applied as a surface-coated
fertilizer application can provide control of ducksalad, while also avoiding an additional aerial
application by producers (Braverman 1995). Limited research has been conducted on other
problematic aquatic weeds in a crawfish to rice rotation.
Previous research has proven that florpyrauxifen-benzyl can provide broad-spectrum
activity on problematic weeds, including emerged aquatics, in rice production (Miller and
Norsworthy 2018b; Rustom 2020). However, the risk of off-target movement from aerial
applications of this product are a concern. Applying herbicide surface-coated urea fertilizers
could mitigate off-target movement, but little research has been conducted on the aquatic weed
control of these applications. The objective of this research is to evaluate the activity of
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florpyrauxifen-benzyl on problematic aquatics weeds when applied as a surface-coated urea
fertilizer (46-0-0) NPK applications at different rates alone and in combination with a
prepackaged mixture of halosulfuron plus prosulfuron.
Materials and Methods
Field studies were conducted in 2020 and 2021 at the LSU Agricultural Center H. Rouse
Caffey Rice Research Center (RSS) South Farm near Crowley, Louisiana (30.1758 ºN, -92.3492
ºW). Aquatic weed response to rates of florpyrauxifen-benzyl applied at 0, 7.3, 14.6, and 29.2 g
ai ha-1 alone or in combination with a prepackaged mixture of halosulfuron plus prosulfuron
applied at 83 g ai ha-1 applied as a surface-coated urea or as a foliar liquid spray were evaluated.
Soil at the study location was a Crowley silt loam with a pH of 6.5 and 2.3% organic matter.
Field preparation included a fall and spring disking followed by two passes in opposite directions
with a two-way bed conditioner consisting of s-tine harrows and rolling baskets set at a depth of
6-cm. Immediately prior to establishing the seeding flood, a cultipacker was passed across the
research area to firm soil and create furrows to aid in soil to seed contact for imbibed seed under
flooded conditions.
Following seedbed preparation, 1.5 by 5.2 m2 plots were established and each plot was
further broken down into two components. Component one consisted of a 1.5 by 1.5 m-2 area in
which four 30-cm diameter by 30-cm deep plastic rings were placed and pressed firmly to a soil
depth of approximately 5-cm to isolate the area contained inside the ring from the rest of the plot
area. After ring placement, each ring was planted with a single species at a rate of 4-plants per
ring. Aquatic weeds were transplanted on April 15, 2020, and April 14, 2021. The transplanted
aquatic weeds evaluated were floating primrose-willow, pickerelweed, and grassy arrowhead. A
natural population of ducksalad was also evaluated in this trial. Aquatic weeds were collected
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from within a 1-km radius of the study location, transplanted into rings, and allowed to establish
for approximately two weeks. Rice was not planted inside rings to reduce competition with
aquatic weeds. Similar rings have been utilized in previous research for herbicide containment
without the use of individually leveed plots (McKnight et al. 2018; Rustom 2020; Sekino et al.
2008). Component two consisted of a 1.5 by 3.7 m2 area in which rice will be water-seeded to
evaluate rice sensitivity. Weed evaluations were taken within each ring, and rice injury
evaluations were taken on the water-seeded area.
A water-seeded rice system with a pinpoint flood management system was utilized for
this field study. A seeding flood was established and pre-germinated, ‘Gemini 214 CL’ hybrid
rice (RiceTec Inc., Alvin, TX) on April 14, 2020, and ‘RT7321 FP’ hybrid rice (RiceTec Inc.,
Alvin, TX) on April 14, 2021, was hand-broadcast onto the plot area at a rate of 39 kg ha-1. The
seeding flood was drained approximately 48-h after seeding, and rice seedlings were allowed to
become established for 4- to 7-days. At the pegging stage, rice seedlings anchored into soil and
coleoptile was approximately 2.5-cm in length, the pinpoint flood was established. The flood was
increased in depth as the rice plant grew until a final flood depth of 10-cm was reached. Fertility
and other pest management practices were based on recommendations from the LSU AgCenter
Rice Production Guidelines (Harrell and Saichuk 2014).
Approximately 14 d after transplanting weeds, each plant was trimmed at water level to
ensure new foliar vegetative growth and development prior to herbicide treatment. Herbicide
applications were made approximately 14 d after trimming. The two types of applications
utilized during this field study were foliar liquid spray and surface-coated fertilizer applications.
Foliar applications were made with a CO2-pressurized backpack sprayer calibrated to deliver 140
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L ha-1 using a spray boom consisting of five flat fan 110015 nozzles (Flat Fan AirMix Venturi
Nozzle, Greenleaf Technologies, Covington, LA) with 38-cm spacings, and operated at 159 kpa.
Herbicides were surface-coated onto 46-0-0 (N-P-K) urea fertilizer using 3.785-L plastic
storage bag (Ziploc® Brand Storage Bags Gallon/Large, S.C. Johnson & Son, Inc., Racine, WI).
A storage bag was assigned to each treatment, and each storage bag contained 454 grams of urea
fertilizer. For florpyrauxifen-benzyl containing treatments, concentrated herbicide for each rate
was calculated, measured, and slowly added into individual storage bags while the bottom of the
bag was shaken by hand to ensure even coverage. For halosulfuron plus prosulfuron containing
treatments, a stock solution was made so that 10-ml contained the amount of active ingredient
needed to treat each storage bag. This stock solution was measured and slowly added into each
halosulfuron plus prosulfuron containing storage bags while the bottom of the bag was shaken by
hand to ensure even coverage. When each herbicide solution was added, the storage bag was
sealed allowing air to remain inside and shaken vigorously to ensure an even coating across the
granules. The bulk mix was then used to weigh 1.6-g of herbicide surface-coated fertilizer
needed for each ring, and 78-g needed for the water-seeded rice area in each plot. The amount of
fertilizer applied was equivalent to 168 kg ha-1. Treatments that did not receive herbicide treated
urea received a nontreated urea application at 168 kg ha-1 across both components of each
treatment in order to equalize the same amount of nitrogen across the field study. Urea fertilizer
was applied by hand into a 6-cm flood.
This field study was a randomized complete block design with a three-factor factorial
arrangement of treatments and three replications. Factor A consisted of a foliar liquid spray or
herbicide surface-coated fertilizer application method. Factor B consisted of florpyrauxifenbenzyl at 0, 7.3, 14.6, or 29.2 g ha-1, and Factor C consisted of halosulfuron plus prosulfuron at 0
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or 83 g ha-1. All foliar treatments included methylated seed oil (MSO, Leci-Tech, Loveland
Products, Loveland, CO) at a rate of 1% v/v.
Visual weed control evaluations were recorded at 14, 28, and 42 days after treatment
(DAT) on a scale of 0 to 100 with 0 = no control and 100 = complete plant death. At 42 DAT,
above ground biomass was hand-harvested from each ring and weighed immediately to obtain
fresh weight. Rice plant heights were recorded immediately prior to harvest by selecting four
random plants within each plot and measuring from soil surface to tip of extended panicle.
Control data were arranged as repeated measures and biomass data were not repeated due
to only one evaluation date. Both were subjected to the MIXED procedure in SAS (release 9.4,
SAS Institute, Cary, NC). Year, replication (nested within treatments), and all interactions
containing any of these effects were considered random effects. Considering year, and
replication as random effects accounts for different environmental conditions that may have been
encountered in that year and allows inferences about treatments to be made over a wide range of
environments (Carmer et al. 1989; Hagar et al. 2003). Fixed effects included application method,
florpyrauxifen-benzyl rate, halosulfuron plus prosulfuron rate, and evaluation dates. Type III
statistics were used to test all possible interactions of fixed effects. Tukey’s honestly significant
difference test was used to separate means at a probability level of 5% (p ≤ 0.05). Mean
separations were assigned using the PLM procedure in SAS (release 9.4, SAS Institute, Cary,
NC).
Results and Discussion
An application method by florpyrauxifen-benzyl rate by halosulfuron plus prosulfuron
rate by evaluation date interaction occurred for ducksalad control (Table 3.1). Ducksalad treated
with florpyrauxifen-benzyl at any rate was controlled 96 to 99% across all evaluation dates.
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Ducksalad treated with the prepackaged mixture of halosulfuron plus prosulfuron alone as either
application method was below 75% across all evaluation dates. These data suggest that
florpyrauxifen-benzyl should be applied if targeting ducksalad and adding halosulfuron plus
prosulfuron did not provide additional ducksalad activity. Ducksalad treated with an application
of florpyrauxifen-benzyl at 7.3 g ha-1 applied as either a herbicide surface-coated urea, or foliar
liquid spray application provided similar control to the maximum labeled rate of 29.2 g ha-1
regardless of evaluation dates.
Table 3.1. Ducksalad control and biomass reduction when treated as a surface-coated urea
application at 168 kg ha-1 with foliar application comparisons at 140 L ha-1. Biomass data
averaged over application method. a
Control DATbc
Biomass
14
28
42
Herbicide Treatment
Rate
Reductiond
_________________
Surface Coated Fertilizer
g ai ha-1
% __________________
Halosulfuron + prosulfuron
83
73 b 64 d 58 e
66 b
Florpyrauxifen-benzyl
7.3
97 a 98 a 98 a
100 a
Florpyrauxifen + halosulfuron + prosulfuron 7.3 + 83
96 a 98 a 98 a
100 a
Florpyrauxifen-benzyl
14.6
97 a 98 a 99 a
100 a
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 83
96 a 98 a 98 a
100 a
Florpyrauxifen-benzyl
29.2
97 a 99 a 98 a
100 a
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 83
96 a 98 a 98 a
100 a
Foliar Liquid Spray
Halosulfuron + prosulfuron
83
60 e 68 c 54 f
Florpyrauxifen-benzyl
7.3
96 a 99 a 99 a
Florpyrauxifen + halosulfuron + prosulfuron 7.3 + 83
96 a 99 a 98 a
Florpyrauxifen-benzyl
14.6
96 a 99 a 99 a
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 83
96 a 99 a 99 a
Florpyrauxifen-benzyl
29.2
97 a 99 a 99 a
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 83
97 a 99 a 98 a
a
Means followed by a common letter do not significantly differ at P = 0.05 using Tukey’s honestly significant
difference test.
b
Control was measured using a scale of 0 = no control, and 100 = complete plant death based on visual
symptoms.
c
DAT denotes days after treatment and were evaluated at 14, 28, and 42 days.
d
Reduction in ducksalad biomass relative to the nontreated. Biomass was 1309 g for ducksalad. A separate
Tukey’s test was used to analyze biomass at P = 0.05. Averaged over application method.

A florpyrauxifen-benzyl rate by halosulfuron plus prosulfuron rate interaction occurred
for ducksalad biomass reduction; therefore, data were averaged over application method (Table
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3.1). Ducksalad treated with florpyrauxifen-benzyl regardless of rate, application method, or
when co-applied with halosulfuron plus prosulfuron reduced biomass fresh weight 100% of the
nontreated. Whereas ducksalad treated with a single application of halosulfuron plus prosulfuron
reduced biomass by 66%. These data indicate that florpyrauxifen-benzyl is a better option when
targeting ducksalad compared with halosulfuron plus prosulfuron. Weed control and biomass
data indicate that ducksalad treated with florpyrauxifen-benzyl at any rate or application method
was very effective which led to complete reduction of ducksalad fresh weight biomass. Similar
ducksalad activity was reported by Rustom (2020) with flopyrauxifen applied at reduced rates as
a foliar application. The flexibility of applying florpyrauxifen-benzyl at lower rates to control
ducksalad can reduce production costs and allow for additional applications later in the season.
A florpyrauxifen-benzyl rate by halosulfuron plus prosulfuron rate interaction occurred
for floating primrose-willow control; therefore, data were averaged over application method and
evaluation dates (Table 3.2). Floating primrose-willow treated with the prepackaged mixture of
halosulfuron plus prosulfuron regardless of the addition of florpyrauxifen-benzyl at any rate
evaluated resulted in 88 to 90% control. When floating primrose-willow was treated with
florpyrauxifen-benzyl alone regardless of rate or application method, control was 40% or less.
These data indicate that florpyrauxifen-benzyl did not provide additional control of floating
primrose-willow when compared with the prepackaged mixture of halosulfuron plus prosulfuron.
With the herbicides evaluated in this study, the prepackaged mixture could provide activity with
little to no need for florpyrauxifen-benzyl when targeting floating primrose-willow alone.
A florpyrauxifen-benzyl rate by halosulfuron plus prosulfuron rate interaction occurred
for floating primrose-willow biomass reduction; therefore, data were averaged over application
method (Table 3.2). Floating primrose-willow treated with florpyrauxifen-benzyl alone at any

53

rate reduced biomass fresh weight 51% or less of the nontreated. Whereas floating primrosewillow treated with the prepackaged mixture of halosulfuron plus prosulfuron reduced biomass
fresh weight 93 to 95% of the nontreated. Halosulfuron plus prosulfuron treated floating
primrose-willow control correlates with the biomass reduction data observed in this study. These
results are similar to findings by Rustom (2020), in which floating primrose-willow treated with
florpyrauxifen-benzyl at rates of 3.6 to 29.5 g ha-1 was controlled 10 to 47% at 42 DAT. Biomass
reduction was also similar, with florpyrauxifen-benzyl reducing floating primrose-willow growth
by 40 to 51%, and treatments containing halosulfuron plus prosulfuron reduced growth by 93 to
95% compared with the nontreated. Weed control and biomass data indicate that halosulfuron
plus prosulfuron should be applied if targeting floating primrose-willow and adding
florpyrauxifen-benzyl to the mixture would not be beneficial for floating primrose-willow
activity.
Table 3.2. Floating primrose-willow control and biomass reduction when treated as a surfacecoated urea application at 168 kg ha-1 with foliar application comparisons at 140 L ha-1. Data
averaged over application method and evaluation dates.a
Biomass
Herbicide Treatment
Rate
Controlb
Reductionc
_________________
g ai ha-1
% __________________
Halosulfuron + prosulfuron
83
88 a
93 a
Florpyrauxifen-benzyl
7.3
35 b
40 b
Florpyrauxifen + halosulfuron + prosulfuron
7.3 + 83
89 a
94 a
Florpyrauxifen-benzyl
14.6
32 b
41 b
Florpyrauxifen + halosulfuron + prosulfuron
14.6 + 83
88 a
93 a
Florpyrauxifen-benzyl
29.2
40 b
51 b
Florpyrauxifen + halosulfuron + prosulfuron
29.2 + 83
90 a
95 a
Means followed by a common letter do not significantly differ at P = 0.05 using Tukey’s honestly significant
difference test.
b
Floating primrose willow control was measured using a scale of 0 = no control, and 100 = complete plant death
based on visual symptoms.
c
Reduction in floating primrose willow biomass relative to the nontreated. Biomass was 295 g for floating
primrose-willow. A separate Tukey’s test was used to analyze biomass reduction at P = 0.05.
a

There was an application method by florpyrauxifen-benzyl rate by halosulfuron plus
prosulfuron rate by evaluation date interaction for grassy arrowhead control (Table 3.3). At 14
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DAT, grassy arrowhead treated with a foliar liquid spray application regardless of herbicide
treatment applied, or as a surface-coated urea application containing florpyrauxifen-benzyl at
29.2 g ha-1 did not differ with 89 to 97% control. By 42 DAT, grassy arrowhead treated with a
foliar liquid spray regardless of the herbicide treatment other than florpyrauxifen-benzyl at 7.3 g
ha-1 did not differ in control with 96 to 99% observed. If targeting grassy arrowhead with a
herbicide surface-coated urea application applying florpyrauxifen-benzyl at 29.3 g ha-1 or
florpyrauxifen-benzyl at any rate in combination with halosulfuron plus prosulfuron provided the
best control in this study.
An application method by florpyrauxifen-benzyl rate by halosulfuron plus prosulfuron
rate interaction occurred for grassy arrowhead biomass reduction (Table 3.3). Grassy arrowhead
treated with a foliar liquid spray application regardless of herbicide applied did not differ in
biomass reduction. The herbicides reduced grassy arrowhead fresh weight biomass 80 to 100%
of the nontreated, which coincides with grassy arrowhead control data observed in this study.
Whereas florpyrauxifen-benzyl at 29.2 g ha-1 or florpyrauxifen-benzyl at any rate in combination
with halosulfuron plus prosulfuron herbicide surface-coated urea applications reduced grassy
arrowhead fresh weight biomass 71 to 79% of the nontreated. In this study, these treatments also
increased grassy arrowhead control as compared with other herbicide surface-coated urea
applications. When herbicide surface-coated urea applications were applied alone at less than the
maximum rate, fresh weight biomass was reduced less than 57%. Increased control with foliar
and herbicide surface-coated urea applications are directly correlated with grassy arrowhead
fresh weight biomass reduction data observed in this study. Weed control and biomass data
indicate that grassy arrowhead treated with an application of florpyrauxifen-benzyl at 14.6 g ha-1
applied as a foliar application provided similar control to the maximum labeled rate of 29.2 g ha-
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. Similar grassy arrowhead activity was reported by Rustom (2020) with flopyrauxifen applied

at reduced rates as a foliar application.
Table 3.3. Grassy arrowhead control and biomass reduction when treated as a surface-coated urea
application at 168 kg ha-1 or foliar applications at 140 L ha-1.a
Control DATbc
Biomass
14
28
42
Herbicide Treatment
Rate
Reductiond
_______________________
__________________
%
Surface Coated Urea
g ai ha-1
Halosulfuron + prosulfuron
83
74 f-h 68 h-j
60 i-k
51 d
Florpyrauxifen-benzyl
7.3
58 j-l 44 m
0n
0e
Florpyrauxifen + halosulfuron + prosulfuron 7.3 + 83
64 i-k 73 f-i
78 e-h
72 cd
Florpyrauxifen-benzyl
14.6
81 e-g 72 f-i
62 i-k
57 d
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 83 82 d-g 85 b-e 82 d-g
75 bc
Florpyrauxifen-benzyl
29.2
89 a-e 86 a-e 81 e-g
79 bc
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 83 82 d-g 87 a-e 83 d-f
71 cd
Foliar Liquid Spray
Halosulfuron + prosulfuron
83
96 a-d 97 a-c 97 a-c
98 ab
Florpyrauxifen-benzyl
7.3
89 a-e 87 a-e 81 e-g
80 a-c
Florpyrauxifen + halosulfuron + prosulfuron 7.3 + 83 96 a-d 97 a-c 99 a
100 a
Florpyrauxifen-benzyl
14.6
95 a-d 96 a-d 96 a-d 100 a
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 83 96 a-d 98 ab
98 ab
99 ab
Florpyrauxifen-benzyl
29.2
96 a-d 98 ab 99 a
100 a
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 83 97 a-d 99 a
99 a
100 a
Means followed by a common letter do not significantly differ at P = 0.05 using Tukey’s honestly significant
difference test.
b
Control was measured using a scale of 0 = no control, and 100 = complete plant death based on visual
symptoms.
c
DAT denotes days after treatment and were evaluated at 14, 28, and 42 days.
d
Reduction in grassy arrowhead biomass relative to the nontreated. Biomass was 295 g for floating primrosewillow. A separate Tukey’s test was used to analyze biomass at P = 0.05.
a

An application method by florpyrauxifen-benzyl rate by halosulfuron plus prosulfuron
rate interaction occurred for pickerelweed control; therefore, data were averaged over evaluation
dates (Table 3.4). Pickerelweed control was 96% when treated with a foliar application of
florpyrauxifen-benzyl at 29.2 g ha-1 plus halosulfuron plus prosulfuron at 83 g ha-1. Similar
control was observed when treated with a foliar liquid spray application of the highest rate of
florpyrauxifen-benzyl alone, halosulfuron plus prosulfuron alone or a combination of the two at
any rate or application method with 88 to 95% control observed. Reduced activity was observed
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when pickerelweed was treated with less than the maximum rate of 29.2 g ha-1 of florpyrauxifenbenzyl with either application method. These data suggest that treatments containing
halosulfuron plus prosulfuron alone or in combination with florpyrauxifen-benzyl at any rate or
application method or florpyrauxifen-benzyl alone at the full rate of 29.2 g ha-1 as a foliar liquid
spray provided increased pickerelweed control. Reduced pickerelweed control was observed
with either application method when applying florpyrauxifen-benzyl alone at rates of 7.3 and
14.6 g ha-1. Therefore, reduced rates of florpyrauxifen-benzyl should not be applied when
targeting pickerelweed unless co-applied with halosulfuron plus prosulfuron.
Table 3.4. Pickerelweed control and biomass reduction when treated as a surface-coated urea
application at 168 kg ha-1 with foliar application comparisons at 140 L ha-1 averaged across
evaluation dates and application method for biomass reduction.a
Biomass
Herbicide Treatment
Rate
Controlb
Reductionc
Surface-Coated Urea
g ai ha-1 ___________________ % ____________________
Halosulfuron + prosulfuron
83
85 c
94 a
Florpyrauxifen-benzyl
7.3
24 f
36 c
Florpyrauxifen + halosulfuron + prosulfuron 7.3 + 83
88 a-c
97 a
Florpyrauxifen-benzyl
14.6
61 de
52 b
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 83
88 a-c
99 a
Florpyrauxifen-benzyl
29.2
85 c
90 a
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 83
90 a-c
96 a
Foliar Liquid Spray
Halosulfuron + prosulfuron
83
91 a-c
Florpyrauxifen-benzyl
7.3
55 e
Florpyrauxifen + halosulfuron + prosulfuron 7.3 + 83
92 a-c
Florpyrauxifen-benzyl
14.6
67 d
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 83
94 ab
Florpyrauxifen-benzyl
29.2
95 ab
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 83
96 a
Means followed by a common letter do not significantly differ at P = 0.05 using Tukey’s honestly significant
difference test
b
Control was measured using a scale of 0 = no control, and 100 = complete plant death based on visual
symptoms.
c
Reduction in pickerelweed biomass relative to the nontreated. Biomass was 386 g for pickerelweed. A separate
Tukey’s test was used to analyze biomass reduction at P = 0.05.
a
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A florpyrauxifen-benzyl rate by halosulfuron plus prosulfuron rate interaction occurred
for pickerelweed biomass reduction; therefore, data were averaged over application method
(Table 3.4). Pickerelweed treated with the prepackaged mixture of halosulfuron plus prosulfuron
or the highest rate of florpyrauxifen-benzyl reduced biomass fresh weight 90 to 99% of the
nontreated. This reduction in biomass with these herbicides utilizing either application method is
due to greater than 85% pickerelweed control observed in this study. Treating pickerelweed with
florpyrauxifen-benzyl rates at 7.3 and 14.6 g ha-1 reduced fresh weight 36 to 52% of the
nontreated and controlled pickerelweed less than 67% in this study. Therefore, florpyrauxifenbenzyl at 7.3 or 14.6 g ha-1 with either application method will reduce pickerelweed control
unless co-applied with halosulfuron plus prosulfuron. These data indicate that halosulfuron plus
prosulfuron applied alone or in combination with any rate of florpyrauxifen-benzyl can improve
pickerelweed control over florpyrauxifen-benzyl at rates less than 29.2 g ha-1.
In conclusion, both surface-coated urea and foliar applications can be beneficial in midsouthern U.S. rice/crawfish rotations. Florpyrauxifen-benzyl and/or halosulfuron plus
prosulfuron can be used to manage the aquatic weeds evaluated in this study as both foliar and
fertilizer applications, but herbicide and herbicide rate can be species dependent. Florpyrauxifenbenzyl, at all rates evaluated, is an option for management of ducksalad (Table 3.1); however, if
floating primrose-willow is present, then halosulfuron plus prosulfuron will be needed (Table
3.2). Foliar liquid spray applications regardless of herbicide treatment other than florpyrauxifenbenzyl at 7.3 g ha-1 increased grassy arrowhead control as compared with herbicide surfacecoated urea applications (Table 3.3). If targeting grassy arrowhead as a surface-coated urea
application, then florpyrauxifen-benzyl at 29.2 g ha-1 or halosulfuron plus prosulfuron is needed
when targeting this weed. When targeting pickerelweed, similar control was observed for all
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treatments regardless of application method except for florpyrauxifen-benzyl at 7.3 and 14.6 g
ha-1 with either application method (Table 3.4). Similar aquatic weed management with
florpyrauxifen-benzyl at rates of 7.3 to 29.2 g ha-1 as a foliar liquid spray were reported by
Rustom (2020). However, this research also evaluated surface-coated urea applications of
florpyrauxifen-benzyl as well as a co-application with halosulfuron plus prosulfuron at 83 g ha-1.
Increased activity with foliar liquid spray applications was due to better coverage on emerged
weeds as compared with surface-coated urea applications which had minimal contact with
emerged weeds before sinking to soil surface. Reducing herbicide rates without reducing
herbicide activity can lower production costs and allow for additional herbicide applications that
may be needed throughout a growing season.
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Chapter 4. Aquatic Weed Management with Halosulfuron plus Prosulfuron
and Florpyrauxifen-benzyl Surface-Coated on Urea Fertilizer
Introduction
Prior to the release of imidazolinone-resistant rice (Oryza sativa L.) in 2002, the most
common seeding practices utilized in Louisiana rice production were water-seeded production
systems (Harrell and Saichuk 2014). Water-seeded production systems are primarily utilized for
suppression of problematic weeds, such as weedy rice (O. sativa L.), also referred to as red rice
(O. sativa L.). In 2020, approximately 17% of rice produced in Louisiana utilized a water-seeded
production system (Harrell 2020).
In this system, pre-germinated rice is aerially seeded into an established flood, and the
seed settles to the soil surface. In a pinpoint flood system, which is the most common flooding
system utilized in Louisiana, the flood is drained after planting to allow the radicle to anchor the
seedlings in the soil. After seedling establishment, approximately 4- to 7-days, a permanent flood
is established to a depth which allows the tip of the rice leaf to remain above the flood. As the
rice grows, the flood is raised to a final level of approximately 5- to 10-cm. Weedy rice
germination is suppressed in this system due to a reduction in oxygen under flooded or saturated
conditions.
In water-seeded rice, weed spectrum generally changes from an annual grass problem
found in dry-seeded rice to more of an aquatic weed infestation (Webster 2014). Aquatic weeds
thrive in a water-seeded rice production system and can also provide an additional food source
for crawfish [Procambarus clarkii (Girard)]; [Procambarus zonangulus (Hobbs & Hobbs)]
production which is a common rotation in the south Louisiana rice producing areas. The lifecycle
of crawfish is well suited for sustained periods in a flooded environment (McClain and Romaire
2004). This environment not only protects them from predators, but permits them to feed, grow,
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and mature. Crawfish can also survive temporary drainage periods by burrowing into soil to
acquire the moisture they need for survival. In south Louisiana, rice/crawfish rotations are
common.
Water-seeded production systems are easily adapted for crawfish production due to the
long periods of flooding utilized in both systems (Harrell and Saichuk 2014). These extended
periods under flood provide a unique environment for several aquatic weed species that are not
normally a problem in rice production (McKnight 2017, Rustom 2020). These troublesome
aquatic weeds include ducksalad [Heteranthera limosa (Sw.) Willd.], floating primrose-willow
[Ludwigia peploides (Kunth) P.H. Raven], grassy arrowhead (Sagittaria graminea Michx. var.
graminea), and pickerelweed (Pontederia cordata L.) (McKnight 2017; Webster 2014).
Ducksalad is an aquatic, freshwater annual or perennial, in the Pontederiaceae family that
is native to the Americas, and frequents wet cultivated areas, rice fields, ditches, and shallow
open water (Bryson and Delfice 2009). Ducksalad has either a free-floating or rooted in saturated
soil growth habit (Horn 2003a). This weed propagates by both vegetative stems that produce
leaves and flowering stems that produce a singular terminal inflorescence. Ducksalad spreads by
rhizomes and can grow up to 15-cm in height. Leaves are narrowed to acute, obtuse, or slightly
heart-shaped at the base. Inflorescences contain a singular flower with 6 petals and can be white
or blue.
Prolonged saturation of the soil or permanent flood establishment signals ducksalad
germination; therefore, management in water-seeded rice is more problematic than in a dryseeded rice production system due to earlier permanent flooding (Smith 1968). In a five-year
study, ducksalad interference for 4- to 8-weeks averaged a reduction in water-seeded rice yields
of 15 and 27%, respectively. In a similar study, ducksalad with densities of 800 to 1200 m-2
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reduced water-seeded yields 30% at 80 days of interference with the rice crop (Smith 1988).
Combining cultural and chemical control strategies within the first four weeks of germination
can increase yields by decreasing early season ducksalad competition with growing rice
seedlings (Smith 1968).
Floating primrose-willow is a creeping aquatic perennial in the Onagraceae family that is
native to North America and frequents wet areas (Bryson and Delfice 2009). This plant forms
mats in shallow water by rooting at nodes. Floating primrose-willow has alternate, elliptic to
obovate leaves, and can grow up to 3.5-cm wide and 8-cm long (Radford et al. 1968).
Inflorescences are found in axils of upper leaves and are solitary with 5 yellow petals, and a 5segmented calyx. Rejmánková (1992) reported that natural stands of floating primrose-willow
averaged 500- to 700-g dry weight m-2 and can produce up to 50-g dry weight m-2 per day.
Grassy arrowhead is an aquatic perennial in the Alismataceae family that is native to
North America and occurs along the edge of bodies of water (Bryson and Delfice 2009). The
plant arises from short, stout rhizomes with unbranched and erect stems, and can grow up to a
height of 100-cm (Haynes and Hellquist 2000; Radford et al. 1968). Leaves are linear to
lanceolate with varying lengths and widths. The inflorescence is pistillate in lower one to two
whirls, and staminate above. Flower stalks are spreading to ascending with white petals.
Pickerelweed is an erect, to ascending, stout aquatic herbaceous perennial in the
Pontederiaceae family that is native to North America and frequents shallow water edges of calm
water bodies (Bryson and Delfice 2009). Pickerelweed grow from submerged rhizomes that are
rooted in saturated soil, with erect vegetative stems, and can grow up to 1.2-m in height (Horn
2003b; Radford et al. 1968). Leaves are linear, lanceolate to cordate, narrowed at base, and arise
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from sheaths. Inflorescences are 5- to 15-cm long and occur above water in dense blue to violet
spikes.
In 2018, a prepackaged mixture of two sulfonylurea herbicides that provide broadleaf and
sedge management in rice, and several other cropping systems was released (Anonymous
2017a). This new herbicide mixture of halosulfuron plus prosulfuron (Gambit®, Gowan
Company, Yuma, AZ,) inhibits acetolactate synthase (ALS), which is the first enzyme specific to
the branched chain amino acid biosynthesis pathway (Brown 1990). This inhibition of the amino
acid synthesis pathway leads to a rapid cessation of plant growth and cell division. Sulfonylurea
and other ALS inhibiting herbicides are characterized by broad-spectrum weed control at very
low use rates. Rustom (2020) evaluated different herbicides, including the prepackaged mixture
of halosulfuron plus prosulfuron and florpyrauxifen-benzyl, for weed management in a salvage
situation. Yellow nutsedge, alligatorweed, hemp sesbania, and Indian jointvetch treated with
florpyrauxifen-benzyl or halosulfuron plus prosulfuron control was 84 to 99% at 42 days after
treatment (DAT). Texasweed treated with halosulfuron plus prosulfuron, or florpyrauxifenbenzyl alone was controlled less than 40%. While there are some weeds that are not controlled
with these herbicides, they can be co-applied to manage problematic broadleaf and sedge weeds
in mid-south rice production.
In 2018, florpyrauxifen-benzyl (Loyant®, Corteva Agriscience, Indianapolis, IN) was
released as a postemergence option for control of problematic broadleaf and grass weeds in rice
and crawfish production (Anonymous 2017b; Rustom 2020). Florpyrauxifen-benzyl must be
metabolically converted through enzymatic hydrolysis inside the plant to form florpyrauxifenacid, the active form of the herbicide (Epp et al. 2016, Jeschke 2015, Miller and Norsworthy
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2018c). Preflood applications of florpyrauxifen-benzyl followed by permanent flood
establishment within 72 hours can increase herbicide uptake, translocation, and metabolism.
In southern U.S. rice production, aerial applications are often applied after permanent
flood establishment. These aerial applications have an increased risk for off-target movement of
herbicides to sensitive crops. The prevalence of off-target movement of auxin herbicides,
including florpyrauxifen-benzyl, has been evaluated due to the extreme sensitivity to susceptible
species (Auch and Arnold 1978; Egan et al. 2014; Miller and Norsworthy 2018d; Walker et al.
2021). Applying herbicides surface-coated onto fertilizer can reduce off-target movement due to
the physical characteristics of fertilizer granules such as density, and size (Braverman 1995).
Another benefit of herbicide surface-coated urea applications is a potential for combining
herbicide applications with early season or mid-season fertilizer applications that occur in normal
water-seeded rice production practices (Mudge et al. 2005).
Granular herbicide applications have been used to effectively control problematic weeds
in corn, soybeans, rice, wheat, and others (Koscelny and Peeper 1996). A co-application of a
sulfonylurea with clomazone as a surface-coated urea application reduced foliar bleaching as
compared with foliar liquid applications of the same mixture (Mudge et. al 2005). Grass control
and rice flatsedge control was maintained by the surface-coated urea applications compared with
traditional liquid applications. Sulfonylureas applied as a surface-coated urea application can
provide control of ducksalad, while also avoiding an additional aerial application by producers
(Braverman 1995). Limited research has been conducted on other problematic aquatic weeds in a
rice/crawfish rotation.
Limited research has been conducted on the control of aquatic weeds using the
prepackaged mixture of halosulfuron plus prosulfuron in rice production. Foliar liquid
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applications of halosulfuron plus prosulfuron and a combination of halosulfuron plus prosulfuron
with florpyrauxifen-benzyl performed well in a salvage situation on problematic weeds in a drillseeded production system (Rustom 2020). Also, limited research has been conducted on the
aquatic weed control of herbicide surface-coated urea fertilizer (46-0-0) NPK applications with
these herbicides. The objective of this research is to evaluate the aquatic weed activity of
halosulfuron plus prosulfuron applied as a surface-coated urea application at different rates alone
and in combination with a florpyrauxifen-benzyl applied at different rates.
Materials and Methods
Field studies were conducted in 2020 and 2021 at the LSU Agricultural Center H. Rouse
Caffey Rice Research Center (RSS) South Farm near Crowley, Louisiana (30.1758 ºN, -92.3487
ºW). Aquatic weed response to rates of halosulfuron plus prosulfuron at 0, 55, or 83 g ai ha-1
alone or in combination with florpyrauxifen-benzyl at 14.6 or 29.2 g ai ha-1 applied as a surfacecoated urea or as a foliar liquid spray were evaluated. Soil at the study location was a Crowley
silt loam with a pH of 6.5 and 2.3% organic matter. Field preparation included a fall and spring
disking followed by two passes in opposite directions with a two-way bed conditioner consisting
of s-tine harrows and rolling baskets set at a depth of 6-cm. Immediately prior to establishing the
seeding flood, a cultipacker was passed across the research area to firm soil and create furrows to
aid in soil to seed contact for imbibed seed under flooded conditions.
Following seedbed preparation, 1.5 by 5.2 m2 plots were established and each plot was
further broken down into two components. Component one consisted of a 1.5 by 1.5 m-2 area in
which four 30-cm diameter by 30-cm deep plastic rings were placed and pressed firmly to a soil
depth of approximately 5-cm to isolate the area contained inside the ring from the rest of the plot
area. After ring placement, each ring was planted with a single species at a rate of 4-plants per
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ring. Aquatic weeds were transplanted on April 15, 2020, and April 14, 2021. The transplanted
aquatic weeds evaluated were floating primrose-willow, pickerelweed, and grassy arrowhead. A
natural population of ducksalad was also evaluated in this trial. Aquatic weeds were collected
from within a 1-km radius of the study location, transplanted into rings, and allowed to establish
for approximately two weeks. Rice was not planted inside rings to reduce competition with
aquatic weeds. Similar rings have been utilized in previous research for herbicide containment
without the use of individually leveed plots (McKnight et al. 2018; Rustom 2020; Sekino et al.
2008). Component two consisted of a 1.5 by 3.7 m2 area in which rice will be water-seeded to
evaluate rice sensitivity. Weed evaluations were taken within each ring, and rice injury
evaluations were taken on the water-seeded area.
A water-seeded rice system with a pinpoint flood management system was utilized for
this field study. A seeding flood was established and pre-germinated, ‘Gemini 214 CL’ hybrid
rice (RiceTec Inc., Alvin, TX) on April 14, 2020, and ‘RT7321 FP’ hybrid rice (RiceTec Inc.,
Alvin, TX) on April 14, 2021, was hand-broadcast onto the plot area at a rate of 39 kg ha-1. The
seeding flood was drained approximately 48-h after seeding, and rice seedlings were allowed to
become established for 4- to 7-days. At the pegging stage, rice seedlings anchored into soil and
coleoptile was approximately 2.5-cm in length, the pinpoint flood was established. The flood was
increased in depth as the rice plant grew until a final flood depth of 10-cm was reached. Fertility
and other pest management practices were based on recommendations from the LSU AgCenter
Rice Production Guidelines (Harrell and Saichuk 2014).
Approximately 14 d after transplanting weeds, each plant was trimmed at water level to
ensure new foliar vegetative growth and development prior to herbicide treatment. Herbicide
applications were made approximately 14 d after trimming. The two methods of applications
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utilized during this field study were foliar liquid spray and surface-coated urea fertilizer
applications. Foliar applications were made with a CO2-pressurized backpack sprayer calibrated
to deliver 140 L ha-1 using a spray boom consisting of five flat fan 110015 nozzles (Flat Fan
AirMix Venturi Nozzle, Greenleaf Technologies, Covington, LA) with 38-cm spacings, and
operated at 159 kpa.
Herbicides were surface-coated onto 46-0-0 (N-P-K) urea fertilizer using 3.785-L plastic
storage bag (Ziploc® Brand Storage Bags Gallon/Large, S.C. Johnson & Son, Inc., Racine, WI).
A storage bag was assigned to each treatment, and each storage bag contained 454 grams of urea
fertilizer. For florpyrauxifen-benzyl containing treatments, concentrated herbicide for each rate
was calculated, measured, and slowly added into individual storage bags while the bottom of the
bag was shaken by hand to ensure even coverage. For halosulfuron plus prosulfuron containing
treatments, a stock solution was made so that 10-ml contained the amount of active ingredient
needed to treat each storage bag. This stock solution was measured and slowly added into each
halosulfuron plus prosulfuron containing storage bags while the bottom of the bag was shaken by
hand to ensure even coverage. When each herbicide solution was added, the storage bag was
sealed allowing air to remain inside and shaken vigorously to ensure an even coating across the
granules. The bulk mix was then used to weigh 1.6-g of herbicide surface-coated urea needed for
each ring, and 78-g needed for the water-seeded rice area in each plot. The amount of fertilizer
applied was equivalent to 168 kg ha-1. Treatments that did not receive herbicide treated urea
received a nontreated urea application at 168 kg ha-1 across both components of each treatment
in order to equalize the same amount of nitrogen across the field study. Urea fertilizer was
applied by hand into a 6-cm flood.
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This field study was a randomized complete block design with a three-factor factorial
arrangement of treatments and three replications. Factor A consisted of a foliar liquid spray or
herbicide surface-coated urea fertilizer application method. Factor B consisted of florpyrauxifenbenzyl at 0, 14.6, or 29.2 g ha-1, and Factor C consisted of halosulfuron plus prosulfuron at 0, 55,
or 83 g ha-1. All foliar treatments included methylated seed oil (MSO, Leci-Tech, Loveland
Products, Loveland, CO) at a rate of 1% v/v.
Visual weed control evaluations were recorded at 14, 28, and 42 DAT on a scale of 0 to
100 with 0 = no control and 100 = complete plant death. At 42 DAT, above ground biomass was
hand-harvested from each ring and weighed immediately to obtain fresh weight. Rice plant
heights were recorded immediately prior to harvest by selecting four random plants within each
plot and measuring from soil surface to tip of extended panicle.
Control data were arranged as repeated measures and biomass data were not repeated due
to only one evaluation date. Both were subjected to the MIXED procedure in SAS (release 9.4,
SAS Institute, Cary, NC). Year, replication (nested within treatments), and all interactions
containing any of these effects were considered random effects. Considering year, and
replication as random effects accounts for different environmental conditions that may have been
encountered in that year and allows inferences about treatments to be made over a wide range of
environments (Carmer et al. 1989; Hagar et al. 2003). Fixed effects included application method,
florpyrauxifen-benzyl rate, halosulfuron plus prosulfuron rate, and evaluation dates. Type III
statistics were used to test all possible interactions of fixed effects. Tukey’s honestly significant
difference test was used to separate means at a probability level of 5% (p ≤ 0.05). Mean
separations were assigned using the PLM procedure in SAS (release 9.4, SAS Institute, Cary,
NC).
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Results and Discussion
An application method by florpyrauxifen-benzyl rate by halosulfuron plus prosulfuron
rate interaction occurred for ducksalad control and biomass reduction; therefore, ducksalad
control data were averaged across evaluation dates (Table 4.1). Ducksalad treated with
florpyrauxifen-benzyl alone at any rate or application method evaluated was controlled 98 to
99% across all evaluation dates. Ducksalad biomass reduction was similar to control data
observed in this study (Table 4.1). The addition of halosulfuron plus prosulfuron with
florpyrauxifen-benzyl at either rate did not provide additional activity on ducksalad. However,
there was a reduction in ducksalad control when treated with the lower rate of halosulfuron plus
prosulfuron with either application method. As well as a reduction in ducksalad control when
treated with a foliar liquid spray compared with a surface-coated urea application. Season long
ducksalad control with florpyrauxifen-benzyl at 14.6 g ha-1 was similar to control observed with
florpyrauxifen-benzyl at 29.2 g ha-1 with either application method. Rustom (2020) reported
similar ducksalad activity with reduced rates of florpyrauxifen-benzyl as a foliar liquid spray
application.
An application method by florpyrauxifen-benzyl rate by halosulfuron plus prosulfuron
rate interaction occurred for floating primrose-willow control and biomass reduction; therefore,
control data were averaged across evaluation dates (Table 4.2). Floating primrose-willow treated
as a foliar liquid spray containing the prepackaged mixture of halosulfuron plus prosulfuron at 55
or 83 g ha-1 resulted in 94 to 97% control. In addition, floating primrose-willow biomass
reduction was similar to control data observed (Table 4.2). Reduced floating primrose-willow
control and biomass reduction was observed when treated with herbicide surface-coated urea
fertilizer applications regardless of herbicide treatment. These data indicate that florpyrauxifen-
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benzyl did not provide additional control when applied alone or in combination with
halosulfuron plus prosulfuron with either application method. Similar results were observed by
Rustom (2020) in which floating primrose-willow treated with a foliar liquid spray of
florpyrauxifen-benzyl at any rate evaluated did not exceed 50% control.
Table 4.1. Ducksalad control and biomass reduction when treated as a surface-coated urea
application at 168 kg ha-1 with foliar application comparisons at 140 L ha-1 averaged across
evaluation dates.a
Biomass
b
Application Method & Herbicide Treatment
Rate
Control
Reductionc
-1
__________________
__________________
Surface-Coated Urea
g ai ha
%
Halosulfuron + prosulfuron
55
83 d
85 c
Halosulfuron + prosulfuron
83
88 b
91 b
Florpyrauxifen-benzyl
14.6
99 a
100 a
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 55
99 a
100 a
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 83
99 a
100 a
Florpyrauxifen-benzyl
29.2
99 a
100 a
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 55
99 a
100 a
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 83
99 a
100 a
Foliar Liquid Spray
Halosulfuron + prosulfuron
55
77 e
82 d
Halosulfuron + prosulfuron
83
84 c
82 d
Florpyrauxifen-benzyl
14.6
99 a
100 a
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 55
99 a
100 a
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 83
99 a
100 a
Florpyrauxifen-benzyl
29.2
99 a
100 a
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 55
99 a
100 a
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 83
98 a
100 a
Means followed by a common letter do not significantly differ at P = 0.05 using Tukey’s honestly significant
difference test
b
Ducksalad control was measured using a scale of 0 = no control, and 100 = complete plant death based on
visual symptoms.
c
Reduction in ducksalad biomass relative to the nontreated. Biomass was 1163 g for ducksalad. A separate
Tukey’s test was used to analyze biomass at P = 0.05.
a

An application method by florpyrauxifen-benzyl rate by halosulfuron plus prosulfuron
rate interaction occurred for grassy arrowhead control and biomass reduction; therefore, control
data were averaged across evaluation dates (Table 4.3). Grassy arrowhead treated with a foliar
application regardless of herbicide treatment evaluated did not differ with 97 to 99% control.
Grassy arrowhead treated with surface-coated urea applications that contained florpyrauxifen70

benzyl controlled 86 to 92% compared with halosulfuron plus prosulfuron at either rate applied
alone which controlled 56 and 62%, respectively. Foliar applications regardless of herbicide
treatment evaluated increased grassy arrowhead control compared with surface-coated urea
applications. However, treating grassy arrowhead with florpyrauxifen-benzyl alone or in
combination with halosulfuron plus prosulfuron as a surface-coated urea application increased
control compared with halosulfuron plus prosulfuron alone. Similarly, Rustom (2020) observed
grassy arrowhead treated with florpyrauxifen-benzyl at 14.3 and 29.5 g ha-1 at 42 DAT as a foliar
liquid spray controlled 95 and 99%, respectively.
Table 4.2. Floating primrose-willow control and biomass reduction when treated as a surfacecoated urea application at 168 kg ha-1 or foliar applications at 140 L ha-1.a
Biomass
Application Method & Herbicide Treatment
Rate
Controlb
Reductionc
___________________
Surface-Coated Urea
g ai ha-1
% __________________
Halosulfuron + prosulfuron
55
73 c
80 d
Halosulfuron + prosulfuron
83
70 c
87 c
Florpyrauxifen-benzyl
14.6
41 f
37 g
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 55
56 d
57 e
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 83
82 b
92 b
Florpyrauxifen-benzyl
29.2
48 e
38 g
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 55
58 d
56 e
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 83
81 b
92 b
Foliar Liquid Spray
Halosulfuron + prosulfuron
55
94 a
99 a
Halosulfuron + prosulfuron
83
95 a
100 a
Florpyrauxifen-benzyl
14.6
44 f
39 g
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 55
95 a
98 a
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 83
95 a
100 a
Florpyrauxifen-benzyl
29.2
50 e
46 f
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 55
97 a
99 a
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 83
97 a
100 a
Means followed by a common letter do not significantly differ at P = 0.05 using Tukey’s honestly significant
difference test.
b
Control was measured using a scale of 0 = no control, and 100 = complete plant death based on visual symptoms.
c
Reduction in floating primrose-willow biomass relative to the nontreated. Biomass was 295 g for floating primrosewillow. A separate Tukey’s test was used to analyze biomass at P = 0.05.
a
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Table 4.3. Grassy arrowhead control and biomass reduction when treated as a surface-coated
urea application at 168 kg ha-1 with foliar application comparisons at 140 L ha-1 averaged across
evaluation dates.a
Biomass
Application Method & Herbicide Treatment
Rate
Controlb
Reductionc
__________________
Surface-Coated Urea
g ai ha-1
% ____________________
Halosulfuron + prosulfuron
55
56 g
53 g
Halosulfuron + prosulfuron
83
62 f
60 f
Florpyrauxifen-benzyl
14.6
86 e
83 e
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 55
88 c-e
85 de
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 83
88 c-e
87 cd
Florpyrauxifen-benzyl
29.2
91 bc
89 bc
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 55
89 b-d
89 bc
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 83
92 b
91 b
Foliar Liquid Spray
Halosulfuron + prosulfuron
55
99 a
100 a
Halosulfuron + prosulfuron
83
99 a
100 a
Florpyrauxifen-benzyl
14.6
98 a
100 a
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 55
98 a
100 a
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 83
99 a
100 a
Florpyrauxifen-benzyl
29.2
98 a
100 a
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 55
98 a
100 a
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 83
99 a
100 a
Means followed by a common letter do not significantly differ at P = 0.05 using Tukey’s honestly significant
difference test
b
Grassy arrowhead control was measured using a scale of 0 = no control, and 100 = complete plant death based on
visual symptoms.
c
Reduction in grassy arrowhead biomass relative to the nontreated. Biomass was 370 g for grassy arrowhead. A
separate Tukey’s test was used to analyze biomass at P = 0.05.
a

An application method by florpyrauxifen-benzyl rate by halosulfuron plus prosulfuron
rate interaction occurred for pickerelweed control and biomass reduction; therefore, control data
were averaged across evaluation dates (Table 4.4). Pickerelweed treated with either application
method with a mixture of halosulfuron plus prosulfuron at 83 g ha-1 plus florpyrauxifen-benzyl at
any rate control was 93 to 96% with no differences observed. Pickerelweed control data was
similar to the fresh weight biomass reduction observed in this study (Table 4.4). A decrease in
pickerelweed fresh weight biomass reduction and control was observed when treated with
florpyrauxifen-benzyl alone at either rate evaluated as a surface-coated urea application. These
data indicate that foliar liquid spray application methods regardless of herbicide evaluated or a
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herbicide surface-coated urea application containing halosulfuron plus prosulfuron at 83 g ha-1
plus florpyrauxifen-benzyl at either rate evaluated should be applied when targeting
pickerelweed. However, slightly reduced control and biomass reduction were observed for
pickerelweed treated with other surface-coated urea applications except for florpyrauxifenbenzyl applied alone at either rate.
Table 4.4. Pickerelweed control and biomass reduction when treated as a surface-coated urea
application at 168 kg ha-1 with foliar application comparisons at 140 L ha-1 averaged across
evaluation dates and application method for biomass.
Biomass
b
Application Method & Herbicide Treatment
Rate
Control
Reductionc
-1
___________________
___________________
Surface-Coated Urea
g ai ha
%
Halosulfuron + prosulfuron
55
89 d
91 b
Halosulfuron + prosulfuron
83
90 cd
91 b
Florpyrauxifen-benzyl
14.6
66 e
61 c
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 55
92 b-d
92 b
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 83
93 a-c
96 a
Florpyrauxifen-benzyl
29.2
66 e
62 c
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 55
91 cd
91 b
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 83
95 a
96 a
Foliar Liquid Spray
Halosulfuron + prosulfuron
55
94 ab
97 a
Halosulfuron + prosulfuron
83
95 a
96 a
Florpyrauxifen-benzyl
14.6
94 ab
96 a
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 55
96 a
96 a
Florpyrauxifen + halosulfuron + prosulfuron 14.6 + 83
96 a
97 a
Florpyrauxifen-benzyl
29.2
96 a
96 a
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 55
96 a
97 a
Florpyrauxifen + halosulfuron + prosulfuron 29.2 + 83
96 a
98 a
Means followed by a common letter do not significantly differ at P = 0.05 using Tukey’s honestly significant
difference test
b
Control was measured using a scale of 0 = no control, and 100 = complete plant death based on visual symptoms.
c
Reduction in pickerelweed biomass relative to the nontreated. Biomass was 424 g for pickerelweed. A separate
Tukey’s test was used to analyze biomass reduction at P = 0.05.
a

In conclusion, this research demonstrates that reduced rates of halosulfuron plus
prosulfuron and/or florpyrauxifen-benzyl as both foliar liquid spray and surface-coated urea
applications can have activity on common aquatic weed infestations in Louisiana rice fields.
These data indicate that herbicide and herbicide rate can be dependent upon target species. If
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targeting ducksalad, florpyrauxifen-benzyl at any rate or application method evaluated can be
utilized for control (Table 4.1). Halosulfuron plus prosulfuron alone did not provide season long
control of ducksalad infestations. However, if targeting floating primrose-willow, halosulfuron
plus prosulfuron containing treatments applied at either rate evaluated controlled this weed
(Table 4.2). Florpyrauxifen-benzyl applied alone was not effective when targeting floating
primrose-willow. When targeting floating primrose-willow as a surface coated fertilizer
application, a combination of florpyrauxifen-benzyl at either rate plus halosulfuron plus
prosulfuron was needed for best control. If grassy arrowhead is present, a foliar application
regardless of herbicide treatment evaluated worked best (Table 4.3). Surface-coated urea
applications containing florpyrauxifen-benzyl increased grassy arrowhead control as compared
with halosulfuron plus prosulfuron applied alone at either rate. Pickerelweed control with
florpyrauxifen-benzyl as a surface-coated urea application at either rate evaluated had decreased
control and biomass reduction when compared with all other herbicide treatments and
application methods evaluated in this study (Table 4.4). Improved control was observed with
foliar spray applications due to better coverage on emerged aquatic weeds. However, surfacecoated-urea applications containing florpyrauxifen-benzyl controlled ducksalad due to a majority
of the plant being submerged under water. These data suggest that herbicide and herbicide rate
can be dependent upon the aquatic weed species being targeted. Similar aquatic weed
management with florpyrauxifen-benzyl at rates of 7.3 to 29.2 g ha-1 as a foliar liquid spray were
reported by Rustom (2020). However, this research also evaluated surface-coated urea
applications of florpyrauxifen-benzyl as well as a co-application with halosulfuron plus
prosulfuron at 55 and 83 g ha-1. This data will allow growers to make production decisions based
on the weed infestations in their fields.
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Chapter 5. Residual Ducksalad Control with Florpyrauxifen-Benzyl SurfaceCoated Urea Applications
Introduction
Rice (Oryza sativa L.) is a staple in the diet of more than half of the world’s population
(Muthayya et al. 2014). The United States accounted for 1.1 million hectares in 2021, with over
183,000 hectares produced in the state of Louisiana (USDA 2021). Water-seeded rice production
systems were a common cultural practice for controlling problematic weed infestations such as
weedy rice in Louisiana rice production prior to the release of herbicide resistant rice (Harrel and
Saichuk 2014). While water-seeded production area has decreased due to widespread adoption of
the imidazolinone-resistant rice system; in 2020, water-seeded planting methods were utilized on
more than 17% of rice produced in Louisiana (Harrell 2020).
In a water-seeded production system, pre-germinated rice seedlings are aerially seeded
into an existing flood, and the flood is then drained within 24-hrs (Harrell and Saichuk 2014). A
drainage period of 4- to 7-days allows seedling radicles to anchor in soil and establish a root
system. Water management in a water-seeded production system can be categorized as delayed
flood, pinpoint flood, or continuous flood. In a pinpoint flood, which is the most common
method utilized in Louisiana, the water level is increased to a depth that allows the tip of the rice
to remain above the flood. This flood level is increased until a final flood depth of 5- to 10-cm is
reached.
Ducksalad [Heteranthera limosa (Sw.) Willd.] is an annual freshwater aquatic in the
Pontederiaceae family that is native to the North and South America and frequents wet areas
including rice fields (Bryson and Delfice 2009). Ducksalad can be free-floating or rooted in the
saturated soil, with both indeterminate vegetative stems and determinate flowering stems which
bear a single leaf, spathe, and terminal inflorescence (Horn 2003a). Leaves of ducksalad, and
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other Heteranthera species, can be characterized as sessile or petiolate (Horn 1988). Seedlings
initially develop sessile leaves that are linear, with a blade-like enlargement at their apex, and all
grow submersed under water. Petiolate leaves have a distinct petiole that grows to the water
surface and an expanded obtuse leaf blade above the water surface. The change from sessile to
petiolate leaf development is abrupt. Ducksalad can grow up to 15-cm tall, with rhizomatous
growth habit, and has narrowed to acute, obtuse, or slightly heart-shaped leaves (Horn 2003a).
Inflorescences contain a single blue or white flower with 6 petals.
Ducksalad germination begins shortly after a soil saturation or establishment of a
permanent flood (Smith 1968, 1988). Water-seeded production systems are more prone to
ducksalad infestations due to early season flood establishment for weed suppression, such as
weedy rice (O. sativa). Approximately two weeks of ducksalad interference can reduce waterseeded rice yields up to 10%, and full season ducksalad interference can cause up to 30% rice
yield reduction. Management of ducksalad during the first four weeks of germination is essential
due to early season competition with the growing rice seedlings (Smith 1968).
Numerous management strategies including cultural, biological, and chemical methods
for ducksalad control have been researched in the past. Cultural control methods include
establishing a healthy stand of rice that can outcompete ducksalad for essential nutrients in early
season development (Smith 1988). Oraze and Grigarick (1992) reported that biological control
with natural populations of waterlily aphids reduced ducksalad total biomass by as much as 87%
by feeding on above water vegetation. Natural populations of waterlily aphids occur worldwide
and can reduce late season ducksalad growth.
Previous research for managing ducksalad with chemical control methods have been
evaluated as both foliar liquid spray and herbicide surface-coated urea applications. Ducksalad
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treated with bensulfuron coated fertilizer at 111 g ai ha-1 resulted in 86 to 96% control
(Braverman 1995). Similarly, ducksalad treated with a foliar liquid spray application of
benzobicyclon at 493 to 1232 g ai ha-1 controlled 83 to 93% (McKnight et al. 2018). Combining
cultural and chemical management strategies is essential for controlling ducksalad and other
problematic weed species in rice production.
In 2018, florpyrauxifen-benzyl (Loyant®, Corteva Agriscience™, Indianapolis, IN) was
released for commercial use in U.S. rice production. This new auxin herbicide, in the 6-arylpicolinate class, was labeled in rice and crawfish [Procambarus clarkii (Girard)]; [Procambarus
zonangulus (Hobbs & Hobbs)] production and provides an additional mode of action for control
of problematic weeds in rice production (Anonymous 2017b). Florpyrauxifen-benzyl must be
metabolically converted into florpyrauxifen-acid by enzymatic hydrolysis inside the plant in
order to become the active form of the herbicide (Epp et al. 2016; Jeschke 2015; Miller and
Norsworthy 2018c). Establishing a permanent flood within 72 hours is recommended for optimal
herbicide uptake, translocation, and metabolism of florpyrauxifen-benzyl.
Establishing a permanent flood as quickly as possible is essential in water-seeded rice
production especially for weed suppression (Webster 2014). Flooding a field reduces weed seed
germination by reducing available oxygen in the saturated soil. Early flood establishment often
leads to aerial pesticide applications. These applications are more costly and increase the risk of
off-target movement of herbicide onto neighboring sensitive vegetation. Similar to other auxin
herbicides, susceptible plants such as soybean [Glycine max (L.) Merrill] are extremely sensitive
to florpyrauxifen-benzyl and can cause injury at low doses if drift of this herbicide occurs (Miller
and Norsworthy 2018d; Walker et al. 2021). Fertilizers applications can reduce off-target
movement due to physical characteristics such as size and density of fertilizer granules
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(Braverman 1995). Herbicide surface-coated granular fertilizer applications have been evaluated
in several crops including water-seeded rice systems (Braverman 1995; Koscelny and Peeper
1996; Mudge et al 2005).
Rustom (2020) found that aquatic weed control could be achieved with foliar liquid spray
applications of florpyrauxifen-benzyl at reduced rates, but activity with reduced rates was
dependent upon targeted species. Control of alligatorweed [Alternanthera philoxeroides (Mart.)
Griseb.], ducksalad, grassy arrowhead (Sagittaria graminea Michx. var. graminea), and
pickerelweed (Pontederia cordata L.) could be achieved with rates of florpyrauxifen-benzyl at
less than the maximum rate of 29.2 g ha-1 but other aquatic weeds like floating primrose-willow
[Ludwigia peploides (Kunth) P.H. Raven] treated with florpyrauxifen-benzyl were controlled
less than 50% at any rate evaluated. Ducksalad control with florpyrauxifen-benzyl at 7.3 g ha-1
was similar to ducksalad control observed with florpyrauxifen-benzyl at 29.2 g ha-1.
Florpyrauxifen-benzyl has low water solubility, is tightly bound to the soil, and is
primarily degraded microbial activity (Miller and Norsworthy 2018a). These chemical properties
suggest that florpyrauxifen-benzyl should be nonpersistent in soils and should provide little
residual activity. Greer et al. (2020) reported that emerged ducksalad could be controlled with
reduced rates of florpyrauxifen-benzyl applied as both foliar liquid spray and herbicide surfacecoated urea applications. Limited research has been conducted on the residual activity of
florpyrauxifen-benzyl applied as a postflood application into a weed-free environment. The
objective of this study was to evaluate the residual control of florpyrauxifen-benzyl applied
postflood into a weed-free environment as surface-coated urea or postflood liquid spray
application.
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Materials and Methods
Field studies were conducted in 2020 and 2021 at the LSU Agricultural Center H. Rouse
Caffey Rice Research Center (RSS) South Farm near Crowley, Louisiana (30.1761 ºN, -92.3492
ºW). Residual ducksalad response to florpyrauxifen applied at 0, 7.3, 14.6, 21.9, and 29.2 g ha-1
as a surface-coated urea or postflood liquid spray application were evaluated. Soil at the study
location was a Crowley silt loam (fine smectic, thermic Typic Albaqualfs) with a pH of 6.5 and
2.3% organic matter. Field preparation included a fall and spring disking followed by two passes
in opposite directions with a two-way bed conditioner consisting of s-tine harrows and rolling
baskets set at a depth of 6-cm.
Following seedbed preparation, 1.5 by 1.5 m-2 plots were established. Plastic rings
measuring 53-cm diameter by 30-cm deep were placed and pressed firmly to a soil depth of
approximately 5-cm to isolate the area contained inside the ring from the rest of the plot area.
Rice was not planted inside rings to reduce competition with ducksalad. Similar rings have been
utilized in previous research for herbicide containment without the use of individually leveed
plots (McKnight et al. 2018; Rustom 2020; Sekino et al. 2008).
A water-seeded rice system with a pinpoint flood management system was utilized for
this field study. A seeding flood was established and drained approximately 48-h after seeding.
During this drainage period, to manage emerged vegetation prior to permanent flood
establishment, a 2% solution of glyphosate was applied with a 15-liter backpack sprayer
(Husqvarna Professional Products, Inc., Charlotte, NC) wet to runoff inside each ring. A
permanent flood was established at 4-days later and flood depth was increased every 3- to 4-days
until a 10-cm permanent flood depth was achieved.
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Herbicide applications were made approximately 7 d after glyphosate application. Two
types of applications were utilized during this field study. Postflood liquid spray applications
were applied with a CO2-pressurized backpack sprayer calibrated to deliver 140 L ha-1 using a
spray boom consisting of five flat fan 110015 nozzles (Flat Fan AirMix Venturi Nozzle,
Greenleaf Technologies, Covington, LA) with 38-cm spacings, and operated at 159 kpa.
A storage bag (Ziploc® Brand Storage Bags Gallon/Large, S.C. Johnson & Son, Inc., Racine,
WI) was assigned to each treatment, and each storage bag contained 454 grams of 46-0-0 (N-PK) urea fertilizer. Concentrated florpyrauxifen-benzyl for each rate evaluated was calculated,
measured, and slowly added into individual storage bags while the bag was shaken continuously
by hand to ensure even coverage. When all the herbicide solution was added to the fertilizer, the
storage bag was sealed allowing air to remain inside and shaken vigorously to ensure an even
coating across the granules. The bulk mix was then used to weigh 4.9-g of herbicide surfacecoated urea needed for each ring. The amount of fertilizer used was equivalent to 168 kg ha-1.
Treatments that did not receive herbicide treated urea received a nontreated urea application at
168 kg ha-1 to equalize the same amount of nitrogen across the field study. Urea fertilizer was
applied by hand into a 6-cm flood.
The field study was a randomized complete block design with a two-factor factorial
arrangement of treatments with three replications. Factor A consisted of CO2-pressurized
backpack sprayer application as a postflood application or herbicide surface-coated urea
application method and Factor B consisted of florpyrauxifen-benzyl at 0, 7.3, 14.6, 21.9, and
29.2 g ai ha-1. All postflood liquid spray applications included methylated seed oil (MSO, LeciTech, Loveland Products, Loveland, CO) at a rate of 1% volume to volume.
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Visual ratings for ducksalad percent emergence and petiolate leaf development were
recorded at 14, 28, 42, 56, and 70 days after treatment (DAT). Visual ratings for ducksalad
percent flowering were recorded at 28, 42, 56, and 70 DAT. These visual ratings were evaluated
on a scale of 0 to 100 with 0 = no emergence, petiolate, or flowering growth and 100 = complete
emergence, petiolate, or flowering growth. At 70 DAT, above ground biomass was handharvested from each ring and weighed immediately to obtain fresh weight.
Emergence, petiolate leaf development, and flowering data were arranged as repeated
measures and biomass reduction data was not repeated due to only one evaluation date. Data
were subjected to the MIXED procedure in SAS (release 9.4, SAS Institute, Cary, NC). Year,
replication (nested within treatments), and all interactions containing any of these effects were
considered random effects. Considering year, and replication as random effects accounts for
different environmental conditions that may have been encountered in that year and allows
inferences about treatments to be made over a wide range of environments (Carmer et al. 1989;
Hagar et al. 2003). Fixed effects included application method, florpyrauxifen rate, and evaluation
date. Type III statistics were used to test all possible interactions of fixed effects. Tukey’s
honestly significant difference test was used to separate means at a probability level of 5% (p ≤
0.05). Mean separations were assigned using the PLM procedure in SAS (release 9.4, SAS
Institute, Cary, NC).
Results and Discussion
An application method by florpyrauxifen-benzyl rate by evaluation date interaction
occurred for ducksalad emergence (Table 5.1). At 14 DAT, ducksalad percent emergence was 98
to 99% when treated with florpyrauxifen-benzyl at 7.3 to 14.6 g ha-1 and 50 to 61% when treated
with florpyrauxifen-benzyl at 21.9 and 29.2 g ha-1 as surface-water application. By 56 DAT,
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ducksalad treated with florpyrauxifen-benzyl as a postflood liquid spray application regardless of
rate did not differ in emergence with 98 to 99% observed. However, when the area was treated
with a surface-coated urea application, regardless of rate, emergence was less than 15% at 14
DAT. A similar trend occurred at 28 to 70 DAT; where ducksalad treated with a surface-coated
urea application regardless of rate did not exceed 25% emergence throughout the season. These
data suggest that when targeting ducksalad with florpyrauxifen-benzyl as a preemergence
application applied into the flood, a surface-coated urea application will be more effective at
reducing emergence than a postflood liquid spray application regardless of rate. This indicates
that florpyrauxifen-benzyl may have longer residual activity when applied in water than
previously reported (U.S. EPA 2017).
Table 5.1. Ducksalad percent emergence when treated with different rates of florpyrauxifenbenzyl as a surface-coated urea application at 168 kg ha-1 or a postflood liquid spray application
at 140 L ha-1.a
Ducksalad emergence (DAT)cd
14
28
42
56
70
Application methodb
Florpyrauxifen-benzyl
_______________________
% _________________________
g ai ha-1
Surface-Coated Urea
7.3
12 e-g 18 ef 19 e
21 e
23 e
14.6
5g
8 fg
8 fg
10 fg
10 fg
21.9
6 fg
8 fg
9 fg
10 fg
12 fg
29.2
4g
5g
6 fg
7 fg
8 fg
Postflood Liquid Spray

7.3
14.6
21.9
29.2

99 a
98 ab
61 d
50 d

99 a
98 ab
87 bc
80 c

99 a
98 ab
95 b
95 b

99 a
98 ab
99 a
99 a

99 a
98 ab
99 a
99 a

Means followed by a common letter do not significantly differ at P = 0.05 using Tukey’s honestly significant
difference test.
b
Applications were either applied as a surface-coated urea dropped directly into flood water, or as a spray directly
to the surface of the water
c
Emergence was measured using a scale of 0 = no emergence, and 100 = complete emergence based on visual
observations.
d
(DAT) denotes days after treatment and were evaluated at 14, 28, 42, 56, and 70 days.
a

An application method by florpyrauxifen-benzyl rate by evaluation date interaction
occurred for the development of ducksalad in the petiolate leaf development stage (Table 5.2). At
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14 DAT, ducksalad treated with florpyrauxifen-benzyl at 7.3 or 14.6 g ha-1 as a postflood liquid
spray resulted in ducksalad with petiolate leaf development at 53 and 51%, respectively. By 56
DAT, over 90% of ducksalad treated with florpyrauxifen-benzyl as a postflood liquid spray,
regardless of rate, had reached the petiolate leaf stage. Whereas ducksalad treated with
florpyrauxifen-benzyl as a surface-coated urea application had less than 20% petiolate leaf
development observed, and similar to ducksalad emergence, plant development to the petiolate
leaf stage did not increase above 25%.
Table 5.2. Ducksalad percent petiolate leaf development when treated with different rates of
florpyrauxifen-benzyl as a surface-coated urea application at 168 kg ha-1 or a postflood liquid
spray application at 140 L ha-1.a
Petiolate leaf development (DAT)cd
14
28
42
56
70
Application methodb
Florpyrauxifen-benzyl
_______________________
% _________________________
g ai ha-1
0h
12 gh 15 gh 18 gh
21 g
Surface-Coated Urea
7.3
0h
7 gh
8 gh 10 gh
11 gh
14.6
0h
5h
5h
8 gh
9 gh
21.9
0h
2h
3h
3h
4h
29.2
Postflood Liquid Spray

7.3
14.6
21.9
29.2

53 f
51 f
0h
0h

83 b-d
80 c-e
59 ef
57 f

89 b-d
82 cd
71 d-f
71 d-f

98 ab
97 ab
95 a-c
93 a-c

99 a
98 ab
99 a
99 a

Means followed by a common letter do not significantly differ at P = 0.05 using Tukey’s honestly significant
difference test.
b
Petiolate leaf development was measured using a scale of 0 = no petiolate leaf development, and 100 = complete
petiolate leaf development based on visual observations.
c
Applications were either applied as a surface-coated urea dropped directly into flood water, or as a spray directly
to the surface of the water
d
(DAT) denotes days after treatment and were evaluated at 14, 28, 42, 56, and 70 days.
a

An application method by florpyrauxifen-benzyl rate interaction occurred for the percent
of ducksalad in the flowering growth stage; therefore, data were averaged across evaluation dates
(Table 5.3). Ducksalad treated with a surface-coated urea application of florpyrauxifen-benzyl
regardless of rate, had less than 10% flowering observed throughout the growing season;
however, ducksalad treated with florpyrauxifen-benzyl as a postflood liquid spray application,
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regardless of rate flowering was 51 to 76% throughout the season. Similar to ducksalad
emergence and petiolate leaf development data, applying florpyrauxifen-benzyl as a herbicide
surface-coated urea reduced ducksalad flowering compared with postflood liquid spray
applications. This reduction in flowering throughout the growing season could reduce seed
production and potentially impact future ducksalad infestations.
Table 5.3. Ducksalad percent flowering and biomass reduction when treated with different rates
of florpyrauxifen-benzyl as a surface-coated urea application at 168 kg ha-1 or a postflood liquid
spray application at 140 L ha-1. Flowering data averaged over evaluation dates.a
Application methodb
Florpyrauxifen-benzyl
Floweringc
Biomass Reductiond
________________________
g ai ha-1
% ________________________
Surface-Coated Urea
7.3
6d
87 b
14.6
1d
98 a
21.9
0d
99 a
29.2
0d
100 a
Postflood Liquid Spray

7.3
14.6
21.9
29.2

76 a
72 a
63 b
51 c

21 e
30 d
39 c
40 c

Means followed by a common letter do not significantly differ at P = 0.05 using Tukey’s honestly significant
difference test.
b
Applications were either applied as a surface-coated urea dropped directly into flood water, or as a spray directly to
the surface of the water
c
Emergence was measured using a scale of 0 = no emergence, and 100 = complete emergence based on visual
observations.
d
Reduction in ducksalad biomass relative to the nontreated. Biomass was 3445 g for ducksalad. A separate Tukey’s
test was used to analyze biomass reduction at P = 0.05.
a

An application method by florpyrauxifen-benzyl rate interaction occurred for ducksalad
biomass reduction (Table 5.3). Ducksalad treated with a surface-coated urea application of
florpyrauxifen-benzyl at 14.6 to 29.2 g ha-1 resulted in a reduction in fresh weight biomass of 99
to 100% of the nontreated. Applying florpyrauxifen-benzyl, at the lowest rate of 7.3 g ha-1 as a
surface-coated urea reduced ducksalad fresh weight biomass to 87% of the nontreated; however,
postflood liquid spray applications at any rate of florpyrauxifen-benzyl reduced fresh weight
biomass by less than 40% of the nontreated. This data supports the percent emergence (Table
5.1), petiolate leaf development (Table 5.2), and flowering development (Table 5.3).
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Florpyrauxifen-benzyl surface-coated urea reduced ducksalad biomass when compared with
postflood liquid spray applications under the same conditions.
In conclusion, residual surface-coated urea applications of florpyrauxifen-benzyl were
more effective at delaying ducksalad emergence (Table 5.1), petiolate leaf development (Table
5.2), flowering (Table 5.3) and reducing fresh weight biomass (Table 5.3) compared with
postflood liquid spray applications when applied into a flooded environment. These data suggest
that ducksalad control (Table 5.1) when treated with 7.3 g ha-1 is similar to the full labeled rate of
florpyrauxifen-benzyl at 29.2 g ha-1 as a surface-coated urea postflood application prior to
ducksalad emergence. Postflood liquid spray applications of florpyrauxifen-benzyl were not
effective when applied into an existing flood prior to ducksalad emergence. This is likely a result
of postflood liquid spray applications of florpyrauxifen-benzyl dissipating with downward
movement through the water column. Increasing the rate of florpyrauxifen-benzyl in postflood
liquid spray applications also increased performance, but not to the levels of surface-coated urea
applications. Surface-coated urea applications of florpyrauxifen-benzyl can reach the soil surface
quicker which reduces the amount of herbicide dissipation into the water column. Reaching the
soil surface quickly increases the amount of florpyrauxifen-benzyl available to inhibit growth of
ducksalad and potentially other germinating weeds.
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Chapter 6. Summary
Weedy rice (Oryza sativa L.), also known as red rice, is a threat to global drill-seeded
rice (O. sativa) production. Weedy rice refers to wild-type red rice, F2 generations of cultivated
hybrid rice, and outcrosses between the two (Rustom 2018). Due to the classification of
cultivated and weedy rice as the same species, control without crop injury is extremely difficult.
Weedy rice has developed traits such as variable emergence timings, increased seed shattering,
high diversity in seed dormancy, and increased seed longevity in soil which allow this weed to
persist annually (Burgos et al. 2014). In the United States, straw hulled-awnless or black hulledawned are the most common biotypes of weedy rice (Burgos et al. 2014; Reagon et al. 2010).
Straw hull populations are descended from cultivated ancestors of the indica subgroup, whereas
black hull populations are descended from cultivated ancestors of the aus subgroup. Black hulled
plants tend to be taller with more tillers and are later maturing, compared with straw hulled
weedy rice plants (Islam et al. 2020; Shivrain et al. 2010).
Discovering new modes of action to control weed infestations, as well as rotating new
and existing modes of action for weed management can reduce the risk of selecting for
herbicide-resistant weed populations (Norsworthy et al. 2012). Benzobicyclon (Rogue SC®,
Gowan Company, Yuma, AZ) recently received a label for use in southern U.S. rice production
with preemergence and postemergence activity on susceptible grasses, broadleaf, and sedge
weeds (Anonymous 2021). This paddy rice herbicide has been registered for use in Japan since
2001 at rates of 200 to 300 g ai ha-1 (Komatsubara et al. 2009). Benzobicyclon is a β-triketone
herbicide that inhibits p-hydroxyphenylpyruvate dioxygenase (HPPD) enzyme and is
characterized by a unique bicyclooctane skeleton with a phenylthiol-enol structure (Maeda et al.
2019). Benzobicyclon is considered a pro-herbicide because molecules of the inactive formulated
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herbicide must be hydrolyzed in an aqueous solution to form benzobicyclon hydrolysate
(Komatsubara et al 2019; Williams and Tjeerdema 2016).
In 2015, field observations at two locations in Arkansas prompted researchers to evaluate
benzobicyclon for weedy rice control (Young et al. 2017). A total of 100 accessions of weedy
rice were collected from Arkansas, Mississippi, and Missouri. These accessions were evaluated
benzobicyclon tolerance in the greenhouse and field. The researchers found that 80% mortality
was observed on 22 and 30% of accessions in the greenhouse and field, respectively. These
results indicate that sensitivity to benzobicyclon is highly variable across populations, but
benzobicyclon could provide an additional mode of action for controlling weedy rice in some
production fields. Inconsistent control can be attributed to the presence of a functional HPPD
Inhibitor Sensitive 1 (HIS1) or a dysfunctional HPPD Inhibitor Sensitive 1 (his1) gene (Lv et al.
2020; Maeda et al. 2019). HIS1 encodes an Fe(II)/2-oxyglutarate-dependent oxygenase that
detoxifies β-triketone herbicides by catalyzing their hydroxylation. Through polymerase chain
reaction (PCR) genotyping, a 28-base pair (bp) deletion that resulted in the dysfunctional his1
allele was found which originated from an indica rice cultivar from Indonesia known as Peta.
Weedy rice accessions were collected from nine different parishes throughout Louisiana,
and 6 were collected from one county in Arkansas to evaluate benzobicyclon sensitivity. Each
accession was characterized by hull color, plant height range, presence or absence of awns, and
GPS coordinates from which each accession was collected. If more than one phenotype was
observed at a location, separate accessions were collected for each phenotype.
Field studies were conducted in 2020 and 2021 at the LSU AgCenter H. Rouse Caffey
Rice Research Station (RRS) near Crowley, Louisiana (30.1801 ºN, -92.3492 ºW), to evaluate
weedy rice sensitivity to a postflood application of benzobicyclon. Highly variable control was
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observed among and within weedy rice accessions when treated with benzobicyclon. Weedy rice
treated with benzobicyclon was controlled 0 to 14% in 70% of the accessions, but control above
80% was only observed in 3% of the weedy rice accessions. Weedy rice populations with a
strawhull-awnless phenotype had increased sensitivity to benzobicyclon compared with
blackhull or awned accessions. The presence of a functional HIS1 or dysfunctional his1 allele
found during KASP genotyping was the best indicator of benzobicyclon susceptibility in weedy
rice populations evaluated. Similarly, weedy rice accessions that possessed the ALSS653N trait
were resistant to imidazolinone herbicides, as well as more tolerant to benzobicyclon. The close
linkage of the HIS1 gene and the ALSS653N trait on the lower portion of chromosome 2 likely
selected for benzobicyclon sensitivity in IR weedy populations. This data indicates
benzobicyclon is not a viable option for weedy rice control in Louisiana, due to inconsistent
control and high levels of imidazolinone-resistant weedy rice populations.
In 2020, approximately 17% of Louisiana rice was planted utilizing the water-seeded
planting method (Harrell 2020). Prior to the release of imidazolinone-resistant rice in 2002,
water-seeded production systems were the most common seeding practices and was primarily
utilized in Louisiana rice production for management of red rice, often referred to as weedy rice
(Harrell and Saichuk 2014). In this system, pre-germinated rice is aerially seeded into an
established flood. The weight of the imbibed seed allows it to sink to the soil surface, and within
24- to 48-hr of seeding, the flood is removed to allow for seedling establishment.
The major water management technique utilized in Louisiana water-seeded rice
production is a pinpoint flood system. In a pinpoint flood system, the flood is drained after
planting to promote stand establishment by allowing the radicle to anchor the seedling in the soil.
This usually occurs within 4- to 7-days after planting. A permanent flood is then established to a

88

depth which allows the tip of the rice leaf to remain above the flood. As the rice grows, the flood
is raised to a final level of 5- to 10-cm. Weedy rice is suppressed in this system due to reduced
oxygen which is necessary for germination is not available under flooded or saturated conditions.
While flooded environments are not conducive to growth for many plants, there are some
aquatic weeds that can thrive in these types of environments. In southwestern Louisiana, rice is
commonly rotated with a crawfish [Procambarus clarkii (Girard)]; [Procambarus zonangulus
(Hobbs & Hobbs)] production system. Maintaining a nearly year-round flood is essential for
crawfish production. Water-seeding production systems are easily adapted to rice-crawfish
rotations, and many producers who use this rotation utilize water-seeded planting practices
(Harrell and Saichuk 2014). These extended periods of inundation from flood water provide a
unique environment for several aquatic weed species that otherwise would not be a problem in
rice production (McKnight 2017; Rustom 2020). These troublesome aquatic weeds include
ducksalad [Heteranthera limosa (Sw.) Willd.], floating primrose-willow [Ludwigia peploides
(Kunth) P.H. Raven], grassy arrowhead (Sagittaria graminea Michx. var. graminea), and
pickerelweed (Pontederia cordata L.) (McKnight 2017; Webster 2014).
Florpyrauxifen-benzyl (Loyant®, Corteva Agriscience, Indianapolis, IN) was released by
for commercial use in U.S. rice production as a postemergence option in 2018 (Anonymous
2017b). With labeled uses in rice and crawfish production, this new herbicide provided an
additional mode of action for controlling problematic weeds in mid-south rice production
without negatively affecting crawfish production systems (Rustom 2020). Florpyrauxifen-benzyl
is considered a pro-herbicide because the molecule must be metabolically converted into
florpyrauxifen-acid, the active form of herbicide, by enzymatic hydrolysis inside plants (Epp et
al. 2016; Jeschke 2015; Miller and Norsworthy 2018c). Preflood applications followed by an
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establishing a permanent flood within 72 hours is recommended to increase herbicide uptake,
translocation, and metabolism of florpyrauxifen-benzyl. Surface-coated urea and foliar
applications can be beneficial in mid-southern U.S. rice/crawfish rotations. Florpyrauxifenbenzyl and/or halosulfuron plus prosulfuron can be used to manage the aquatic weeds evaluated
in this study as both foliar and fertilizer applications, but herbicide and herbicide rate can be
species dependent.
In 2018, a prepackaged mixture of halosulfuron plus prosulfuron (Gambit®, Gowan
Company, Yuma, AZ,) was released. This prepackaged mixture contains two sulfonylurea
herbicides with activity on broadleaf and sedge weeds that are problematic in rice production
(Anonymous 2017a). Rustom (2020) evaluated florpyrauxifen-benzyl and the prepackaged
mixture of halosulfuron plus prosulfuron for weed management in a salvage situation. Rustom
(2020), reported that yellow nutsedge, alligatorweed, hemp sesbania, and Indian jointvetch
treated with florpyrauxifen-benzyl or halosulfuron plus prosulfuron achieved 84 to 99% control
at 42 days after treatment (DAT). However, Texasweed treated with halosulfuron plus
prosulfuron, or florpyrauxifen-benzyl applied alone was less than 40% and 20%, respectively.
While there are some weeds that are not controlled with these herbicides, they can be used to
manage problematic broadleaf and sedge weeds in mid-south rice production.
In southern U.S. rice production, herbicides applications are often applied aerially after
permanent flood establishment. These aerial applications are costly and have an increased risk
for off-target movement of herbicides to sensitive crops. Off-target movement of auxin
herbicides, including florpyrauxifen-benzyl, has been evaluated due to the extreme sensitivity of
susceptible species (Auch and Arnold 1978; Egan et al. 2014; Miller and Norsworthy 2018d;
Walker et al. 2021). One potential method for mitigating off-target movement of herbicides is the
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use of herbicide surface-coated granular fertilizer applications (Braverman 1995). Physical
characteristics such as density, and size reduce the risk of off-target movement of herbicide
surface-coated fertilizer granules. Applying a herbicide as a surface-coated fertilizer application
could reduce off-target movement, and ensure that the herbicide reaches the soil surface. Another
benefit of applying herbicide surface-coated fertilizer applications is a potential for synchronous
timing with early season or mid-season fertilizer applications that occur in normal water-seeded
rice production practices (Mudge et al. 2005). Combining applications on a fertilizer granule can
reduce off-target movement, save time, and reduce production costs by eliminating an additional
herbicide application.
Florpyrauxifen-benzyl is an option for management of ducksalad, but floating primrosewillow is present, then halosulfuron plus prosulfuron will be needed. Foliar liquid spray
applications regardless of herbicide treatment other than florpyrauxifen-benzyl at 7.3 g ha-1
increased grassy arrowhead control as compared with herbicide surface-coated urea applications.
If targeting grassy arrowhead as a surface-coated urea application, then florpyrauxifen-benzyl at
29.2 g ha-1 or halosulfuron plus prosulfuron is needed when targeting this weed. When targeting
pickerelweed, similar control was observed for all treatments regardless of application method
except for florpyrauxifen-benzyl at 7.3 and 14.6 g ha-1 with either application method. Increased
coverage from foliar liquid spray applications likely increased aquatic weed activity as compared
with surface-coated urea applications. Reducing herbicide rates without reducing herbicide
activity can lower production costs and allow for additional herbicide applications that may be
needed throughout a growing season.
Residual surface-coated urea applications of florpyrauxifen-benzyl were more effective at
delaying ducksalad emergence, petiolate leaf development, flowering, and reducing fresh weight
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biomass compared with postflood liquid spray applications when applied into a flooded
environment. These data suggest that ducksalad control when treated with 7.3 g ha-1 is similar to
the full labeled rate of florpyrauxifen-benzyl at 29.2 g ha-1 as a surface-coated urea postflood
application prior to ducksalad emergence. Postflood liquid spray applications of florpyrauxifenbenzyl were not effective when applied into an existing flood prior to ducksalad emergence. This
is likely a result of postflood liquid spray applications of florpyrauxifen-benzyl dissipating with
downward movement through the water column. Increasing the rate of florpyrauxifen-benzyl in
postflood liquid spray applications also increased performance, but not to the levels of surfacecoated urea applications. Surface-coated urea applications of florpyrauxifen-benzyl can reach the
soil surface quicker which reduces the amount of herbicide dissipation into the water column.
Reaching the soil surface quickly increases the amount of florpyrauxifen-benzyl available to
inhibit growth of ducksalad and potentially other germinating weeds.
The research conducted in this dissertation will further benefit producers in Louisiana and
across the U.S. rice belt. Benzobicyclon can be a valuable tool for control of many troublesome
weeds in Louisiana rice production; however, caution should be used when relying on this
product for weedy rice management. The prepackaged mixture of halosulfuron plus prosulfuron
has potential for use in water- and drill-seeded rice production systems in Louisiana, and this
product has flexibility from a residual and/or postemergence weed management option.
Florpyrauxifen-benzyl is an excellent herbicide for use on ducksalad and other aquatic weeds
when applied as a foliar liquid spray or as a surface-coated granular urea. However, certain
weeds such as grassy arrowhead and pickerelweed are best managed with a mixture of
florpyrauxifen-benzyl and halosulfuron plus prosulfuron. This research has practical application
that will impact producers economically.
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